REMARKS 

Claims 1-27 are pending in this case. Applicants note that there appears to be 
some confusion about the current claim set, as both original claims (claims 1-27) and 
claims submitted as "Amended Sheets" (claims 1-23) were provided at filing. 1 Because 
these claims differ beginning at claim 21, Applicants have canceled claims 21-27; the 
subject matter of claim 27 has been resubmitted as new claim 28. 

The Office action is based on original claims 1-27. Of these, claim 27 stands 
rejected under 35 U.S.C. § 101. Claims 1-10 and 17-20 stand rejected under 35 U.S.C. 
§ 102. And claims 1-27 stand rejected under 35 U.S.C. § 112, first and second 
paragraphs. In addition, claims 1-27 stand objected to because of formalities, and the 
Office has requested new inventor declarations. Each of these issues is addressed below. 

Amendments 

Claims 1-20 have been amended to correct formalities and for the purpose of 
clarification; support for these amendments is found within the original claims. Claim 28 
has been newly added; this new claim finds support, for example, in original claim 27 and 
in the specification at page 24, lines 14-35. 

In addition, the specification has been amended, at page 1, to provide Applicants 5 
cross-reference to related priority applications. Foreign priority to International 
Application PCT/EP99/04288 (filed June 21, 1999) and its German parent application DE 
198 27 457.2 (filed June 19, 1998) were recognized by the Office in the Form 
PCT/DO/EO/905 mailed July 13, 2001 2 



1 Applicants note that the Office has based the Office action on original claims 1-27. However, Applicants 1 
Preliminary Amendment submitted with the application is based on claims 1-23. 

2 Due to what appears to be a Patent Office clerical error, the June 19, 1998 German priority date was later omitted 
in Form PCT/DO/EO/903 mailed July 2, 2002. 
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Priority Documents 

The Office Action Summary indicates that acknowledgment of Applicants' claim 
to foreign priority under 35 U.S.C. § 1 19 has been made. The Summary, however, goes 
on to indicate both that (i) "None of 5 the certified copies of priority documents have been 
received by the Office and also that (ii) "Copies of the certified copies of the priority 
documents have been received in this National Stage application from the International 
Bureau (PCT Rule 17.2(a))." Applicants request clarification on this issue. 

Oath Declaration 

The Office has asserted that the declaration submitted October 15, 2001 is 
defective because the address of inventor Michael Hallek and the address and citizenship 
of inventor Anne Girod have been altered without initials or an indication of the date of 
alteration. These errors are regretted. A new declaration has been executed by these 
inventors and is submitted herewith. 

Claim Objections 

Claims 1-27 have been objected to as being informal for failing to begin with an 
article. These claims have been amended; all now begin with an article, and this 
objection may be withdrawn. 

Rejection under 35 U.S.C. $ 101 

Claim 27 stands rejected under 35 U.S.C. § 101 because, according to the Office, 
the claim sets forth a use without setting forth any steps involved in the process. Claim 
27 has been canceled, but the subject matter of this claim is now presented in new claim 
28. Claim 28 sets forth the steps involved in altering the tropism of AAV, and this 
rejection may now be withdrawn. 
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Rejection under 35 U.S.C. § 102 

Claims 1-10 and 17-20 stand rejected under 35 U.S.C. § 102 as being anticipated 
by Mamounas et al. (WO 97/38723). This rejection is respectfully traversed. 

Independent claim 1 (from which claims 2-10 depend) recites: 

1. A structural protein of adeno-associated virus (AAV), which comprises at 
least one mutation, wherein the mutated structural protein is capable of particle 
formation, and the mutation brings about an increase in the infectivity of the virus. 

The other rejected claims, claims 17-20, specify an AAV particle which includes this 
mutated structural protein (claim 17), a nucleic acid which encodes the mutated structural 
protein (claim 18), a cell which includes the mutated structural protein-encoding nucleic 
acid (claim 19), and a process for the preparation of the mutated structural protein (claim 
20). All of these claims therefore require a structural protein (or its coding sequence) that 
is mutated and that "is capable of [AAV] particle formation." Nowhere is this element of 
the claims disclosed by Mamounas. 

The Office points to page 3, lines 9-15, page 4, lines 21-31, page 17, line 30 - 
page 19, line 10, and page 43, lines 28-30, as describing Applicants' claimed invention, 
but none of these passages discloses the successful production of a mutated AAV 
structural protein capable of supporting viral particle formation. The Office also cites a 
passage at page 67, lines 24-26. But this passage describes an scFv construct that 
Mamounas indicates at page 68, lines 13-14, "failed to produce any intact viral particles." 
It is these same structural proteins incapable of viral particle formation that are discussed 
at the final passage cited by the Office at page 69, lines 15-26 and Table 3. 

Contrary to the Office's assertion, therefore, Mamounas does not disclose a 
presently claimed mutant structural protein capable of supporting viral particle formation. 
Neither does Mamounas provide any hint as to how production of such a mutated 
structural protein could be achieved. The subject matter of the present claims is clearly 
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novel over Mamounas, and this rejection may be withdrawn. 

Rejections under 35 U.S.C. § 1 12, second paragraph 

Claims 1-27 stand further rejected under 35 U.S.C. § 1 12, second paragraph, as 
being indefinite. This rejection has been overcome as follows. 

Claims 1-27 have been asserted to be vague for reciting the structural protein 
"characterized by." This term has been replaced in all claims, and the rejection may be 
withdrawn. 

Claim 1 is rejected on the basis that it recites the limitation "the virus" without 
sufficient antecedent basis. The claim has been amended to overcome this rejection. 

Claim 2 is asserted to be unclear for reciting that the structural protein mutation is 
located on the virus surface. The Office requests that the claim be clarified as to whether 
the mutated structural protein coincidentally resides on the viral surface or whether the 
mutation must reside in a surface-exposed structural protein domain. The claim has been 
amended to specify that the mutation is in a surface-located region of the structural 
protein, and this basis for the rejection may be withdrawn. Claim 2 has also been 
amended to overcome the rejection related to antecedent basis. 

Claim 3 stands rejected for reciting that a mutation is "located at the N terminus of 
the structural protein." This basis for the rejection is respectfully traversed. Those of 
skill in the art readily understand the term "N-terminus," which is used routinely by 
molecular biologists and has a well accepted meaning in the art. Indeed, the Office, in 
connection with the § 102 rejection discussed above, states (page 3; emphasis added): 

For example, VP-1, VP-2, and VP-3 were incorporated at their N-terminus with C4 
(see e.g. page 43, lines 28-30) or were mutated to incorporate a single-chain 
fragment variable region of a monoclonal antibody against the CD34 molecule 
(sFv) at their N-terminus (see e.g. page 67, line 24-26). 

Clearly, the Office as well recognizes this term's well-accepted meaning, and this basis 
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for the rejection should be withdrawn. 

Claim 7 stands rejected as indefinite based on the recitation of the term "derived 
from.' 5 This term has been removed from the claim. 

Claim 8 is asserted to be unclear based on the term "one or more deletions 
(insertions)" as the claim does not denote what is being deleted or inserted. The claim 
has been amended to specify that it is "amino acids" that are being deleted or inserted. 
Claim 8 has also been amended, as suggested by the Examiner, to recite "these 
mutations." 

Claims 10-16 stand rejected on the basis that each includes a term that lacks 
antecedent basis. These claims have been amended to overcome these rejections. 

Claim 17 has been rejected as being unclear in its recitation of a structural protein 
in the form of an AAV particle. This rejection is respectfully traversed because it would 
be clear to one skilled in the art that the claim covers a mutated structural protein having 
all of the characteristics set forth in claim 1 and in addition being present in a viral 
particle. This rejection may be withdrawn. 

Claims 18-27 stand rejected based on their recitation of "according to." Claims 
20-27 have been canceled, and the rejection as applied to these claims is moot. Claims 
18-19 have been amended to remove this term. This basis for the rejection may be 
withdrawn. 

Claim 20 has been further rejected based on the term "where appropriate, the 
expressed structural protein is isolated." This claim has been amended to remove the 
term "where appropriate," and this rejection may be withdrawn. 

Claim 27 also stands rejected on the basis that the method is unclear because the 
claim fails to set forth the method steps. Claim 27 has been canceled, but the subject 
matter of this claim is now presented in new claim 28, which includes method steps. This 
final basis for the indefmiteness rejection may be withdrawn. 
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Rejections under 35 U.S.C. $ 1 12, first paragraph 

Claims 21-26 stand rejected under 35 U.S.C. § 1 12, first paragraph as lacking 
enablement. These claims have been canceled and will be pursued in a divisional 
application. For the record, Applicants do not agree with this rejection but wish to 
address it in a separately filed case. 

Claims 1-27 also stand rejected under 35 U.S.C. § 1 12, first paragraph as lacking 
an adequate written description. This rejection is respectfully traversed. 

As an initial matter, Applicants point out that this rejection is based on the 
statement in the Office action that (page 11): 

Applicants claim a genus of structural proteins with at least one mutation that is 
capable of particles formation that results in the increased infectivity of virus 
containing the mutated structural protein. 

This, however, fairly characterizes the language of claim 1 only. The Office has supplied 
no explanation for why or how this rejection is being applied to the remaining claims, and 
withdrawal of the written description rejection as applied to claims 2-20 is therefore 
requested. 

As applied to claim 1, the rejection is also traversed because the bases for the 
rejection are in error. 3 Applicants' claims cover AAV structural proteins that have been 
mutated to increase viral infectivity, while leaving intact the protein's ability to facilitate 
viral particle formation. 

Contrary to the assertion in the Office action, production of such a mutated 
structural protein is not an "empirical" process, but rather is based on sound scientific 
methodologies set forth in Applicants' specification. As indicated by Applicants, 
selection of an AAV mutation site may be determined by structure and protein alignments 
of different parvoviruses, such as AAV2, CPV, and B 19, as discovered by Applicants and 
as set forth in Applicants' specification at page 5, line 32 et al. and page 6, line 23 et al. 
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At these mutation sites, insertions may be made to target the virus to particular cell types. 
The insertion sequences chosen, far from being empirical, are typically sequences such as 
ligands known to target a cell type of interest. A number of preferred insertion sequences 
are provided by Applicants at page 8, line 4 - page 10, line 22. 

Applicants demonstrate the effectiveness of this strategy using the PI ligand as an 
exemplary targeting insertion. The PI ligand was selected due to the presence of the 
RGD motif, a motif responsible for binding to the integrin receptor (see page 9, lines 32- 
34). This ligand was chosen because of its known cell targeting specificity. In the 
specification, for example, at Tables 1 and 2, Applicants demonstrate that mutated 
structural proteins that include the exemplary PI ligand insertion (in either VP1 or VP3) 
support viral particle formation; this is shown unambiguously by the data in the columns 
denoted "Capsid titers," where ELISAs are performed using the antibody A20Mab, an 
antibody that only recognizes assembled viral capsids (as evidenced by the accompanying 
publication by Wistuba et al., J. Virol. 71:1341-1352, 1997, Appendix A). Similarly, at 
page 28, Applicants describe additional VP3 insertions of an unrelated sequence, the 
Z34C domain of protein A. The Office bases the present written description rejection, in 
part, on the assertion that, with respect to this VP3 insertion mutant, "no indication is 
given about the ability of the structural protein to form particles or the infectivity of a 
virus containing the mutated structural protein." In response to this rejection, Applicants 
submit, as Appendix B, Ried et al. (J. Virol. 76:4559-4566, 2002), a publication from the 
present inventors. This publication demonstrates that, like Applicants 5 other exemplary 
structural protein insertions, this AAV structural protein mutant does in fact support 
formation of viral particles and facilitates re-targeting of cell infectivity (see, e.g. the 
abstract). 

In like manner, other AAV insertion mutations according to Applicants 5 claims 
have been successfully made. The accompanying publications by Grifman et al. (Mol. 



3 Applicants' arguments regarding claim 1 apply with equal force to the remaining claims 2-20 and 28. 
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Therapy 3:964-975, 2001, Appendix C) and Nicklin et al. (Mol. Therapy 4: 174-181, 
2001, Abstract, Appendix D) demonstrate that ligands other than PI can be inserted into 
AAV structural proteins, and result in mutated proteins that support viral particle 
formation and re-targeting of infectivity. In view of this evidence, it is clear that a 
number of mutant AAV structural proteins falling under Applicants' claims can be - and 
indeed have been - generated. This fact demonstrates that, contrary to the Office's 
asserted basis for the written description rejection, the production of such structural 
protein mutants is neither empirical nor unpredictable. Moreover, again contrary to the 
Office's assertion, Applicants have disclosed not one, but many, species falling under the 
present claims. These species differ in the structural protein mutated, the mutation site, 
and the ligand used to accomplish re-targeting of infectivity. A genus claim is 
appropriate in the present case, and Applicants request reconsideration on this issue. 
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CONCLUSION 



Applicant submits that the claims are now in condition for allowance, and such 
action is respectfully requested. 

Enclosed are a Petition to extend the period for replying to the Office action for 
one month, to and including February 17, 2004 (as February 16* is a national holiday), 
and a check in payment of the required extension fee. 

If there are any additional charges or any credits, please apply them to Deposit 
Account No. 03-2095. 



Clark & Elbing LLP 
101 Federal Street 
Boston, MA 02110 
Telephone: 617-428-0200 
Facsimile: 617-428-7045 



Respectfully submitted, 
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Subcellular Compartmentalization of Adeno-Associated 
Virus Type 2 Assembly 
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Using immunofluorescence and in situ hybridization techniques, we studied the intracellular localization of 
adeno-associated virus type 2 (AAV-2) Rep proteins, VP proteins, and DNA during the course of an AAV-2/ 
adenovirus type 2 coinfection. In an early stage, the Rep proteins showed a punctate distribution pattern over 
the nuclei of infected cells, reminiscent of replication foci. At this stage, no capsid proteins were detectable. At 
later stages, the Rep proteins were distributed more homogeneously over the nuclear interior and finally 
became redistributed into clusters slightly enriched at the nuclear periphery. During an intermediate stage, 
they also appeared at an interior part of the nucleolus for a short period, whereas most of the time the nucleoli 
were Rep negative. AAV-2 DNA colocalized with the Rep proteins. All three capsid proteins were strongly 
enriched in the nucleolus in a transient stage of infection, when the Rep proteins homogeneously filled the 
"nucleoplasm. Thereafter, they became distributed over the whole nucleus and colocalized in nucleoplasms 
clusters with the Rep proteins and AAV-2 DNA. While VP1 and VP2 strongly accumulated in the nucleus, VP3 
was almost equally distributed between the nucleus and cytoplasm. Capsids, visualized by a conformation- 
specific antibody, were first detectable in the nucleoli and then spread over the whole nucleoplasm. This 
suggests that nucleolar components are involved in initiation of capsid assembly whereas DNA packaging 
occurs in the nucleoplasm. Expression of a transfected full-length AAV-2 genome followed by adenovirus 
infection showed all stages of an AAV-2/adenovirus coinfection, whereas after expression of the cap gene alone, 
capsids were restricted to the nucleoli and did not follow the nuclear redistribution observed in the presence 
of the whole AAV-2 genome. Coexpression of Rep proteins released the restriction of capsids to the nucleolus, 
suggesting that the Rep proteins are involved in nuclear redistribution of AAV capsids during viral infection. 
Capsid formation was dependent on the concentration of expressed capsid protein. 



The nucleus, commonly referred to as the control center of 
the eucaryotic cell, is highly organized into subcompartments 
to perform a number of essential functions such as DNA rep- 
lication, RNA transcription, processing, and transport (6, 13, 
58, 68). Development of protein and nucleic acid localization 
techniques allowed the visualization of many nuclear compo- 
nents and processes at discrete subnuclear sites, which suggests 
that they are part of an underlying structure involved in the 
functional organisation of the nucleus. These structures are 
highly dynamic and change in the cell cycle as a function of 
cellular activity (36, 39, 40, 43, 44, 54). Viral infections often 
are associated not only with a functional reprogramming of 
host cell gene expression but also with a reorganization of the 
cellular architecture, in particular of the nucleus (4, 9, 10, 14, 
19, 20, 46, 56, 59, 64). Although several viral components 
possibly involved in formation and reorganization of this nu- 
clear architecture are being investigated, they still are not well 
understood. 

The life cycle of the adeno-associated virus (AAV) strongly 
depends on helper virus functions provided by either adenovi- 
rus or herpesvirus families (for reviews, see references 8 and 
41). These helper viruses themselves show a profound influ- 
ence on the host cells and a characteristic subcellular compart- 
mentalization of viral products during infection (10, 46, 47, 49, 
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66). Coinfection of AAV-2 with adenovirus leads to induction 
of AAV-2 gene expression and to changes of the cellular milieu 
which are necessary for replication and production of infec- 
tious virus (3, 7, 11, 12, 15, 16, 31, 51). Accumulation of viral 
transcripts is controlled by a set of nonstructural AAV-2 pro- 
teins which are also required for DNA replication (5, 35, 38, 
63). They are encoded by an overlapping reading frame located 
on the left half of the AAV-2 genome and are transcribed from 
either the p5 or the pl9 promoter at map units 5 and 19, 
respectively. The transcripts from both promoters are trans- 
lated from spliced and unspliced mRNAs, resulting in four 
proteins designated Rep78, Rep68, Rep52 and Rep40 accord- 
ing to their apparent molecular weight. Rep78 and Rep68 play 
key roles in AAV DNA replication (25, 62) by binding to the 
inverted terminal repeats and catalyzing the terminal resolu- 
tion reaction (2, 29, 57). Several influences of these proteins on 
AAV gene expression have been documented, without delin- 
eating a comprehensive model for AAV gene regulation by 
these proteins (5, 27, 34, 35, 38, 63). Mutations that prevent the 
synthesis of the small Rep proteins Rep52 and Rep40 lead to 
a strongly reduced level of single-stranded DNA (ssDNA) ac- 
cumulation, suggesting that they play a role in DNA packaging 
(17, 26). The AAV cap gene located in the right half of the 
AAV genome codes for three capsid proteins, VP1, VP2, and 
VP3, which are present in the virion in a 1:1:10 stoichiometry 
(32, 33, 52). Pulse-chase experiments support the view that the 
single-stranded AAV genomes are packaged into preformed 
capsids (42). In a time course of AAV-2/adenovirus type 2 
coinfection, the synthesis of Rep and Cap proteins follows 
similar kinetics, reaching a maximum level around 20 h postin- 
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fection together with bulk duplex DNA synthesis, whereas 
maximum ssDNA accumulation appears to occur about 4 h 
later (50). Immunoprecipitation experiments showed that Rep 
proteins were detected in complexes with capsid proteins pos- 
sibly representing intermediates of the AAV-2 DNA packaging 
process (48, 67). The observation that the four Rep proteins 
colocalize in intranuclear centers together with the capsid pro- 
teins (28) was interpreted in terms of replication and packag- 
ing centers of AAV-2 DNA. Recently, it could be shown by in 
situ hybridization that AAV-2 DNA and Rep proteins colocal- 
ize with adenovirus DNA in common foci, which were inter- 
preted as replication centers (65). 

In this study, the dynamics of the subcellular distribution of 
AAV proteins, capsids, and DNA was monitored over the time 
course of an AAV-2/adenovirus type 2 coinfection to define 
the possible sites of AAV capsid assembly and DNA packag- 
ing. In early phases of infection, Rep proteins and AAV DNA 
are colocalized in typical replication centers, but at that time 
no capsid proteins were detectable, showing that these centers 
are not the sites of DNA packaging. By using a conformation- 
specific capsid antibody, it was possible to show that capsids 
accumulated first in the nucleoli and later also in intranuclear 
areas outside the nucleoli. Rep proteins and AAV DNA also 
colocalized in these extranucleolar zones, suggesting that DNA 
packaging could occur at these sites. DNA and Rep could 
hardly be detected in the nucleoli. Free capsid proteins, cap- 
sids, and Rep proteins underwent a number of redistributions 
during later stages of infection and showed mainly a separate 
nuclear localization. Expression of the cap and rep genes by 
transient transfection showed that capsid formation was 
strongly dependent on capsid protein concentration and that 
the Rep proteins have an influence on the subnuclear com- 
partmentalization of AAV capsids. 

MATERIALS AND METHODS 

Cell culture and virus infections. He La cells were grown in Dulbecco's mod- 
ified Eagle's medium (DM EM) supplemented with 10% fetal calf serum and 
penicillin-streptomycin at 37°C and 5% C0 2 . For generation of AAV-2, cells 
were grown to 80% con fluency, the medium was removed, and the cells were 
incubated with AAV-2 (multiplicity of infection [MOI] = 20) and adenovirus 
type 2 (MOI = 2) for 2 h in 2 to 3 ml of DM EM per 175 -cm 2 flask. After the 
incubation period, DM EM was added and the cells were incubated at 37°C and 
5% C0 2 for 3 days. Then the flasks containing cells and medium were frozen and 
thawed three times at -70 and 37°C, respectively. Debris was removed by 
centrifugalion at 5,000 X g av , and the clear supernatant was collected. Adeno- 
virus was inactivated by heating to 56°C for 30 min. For generation of adenovirus 
slocks, He La cells were infected solely with adenovirus (MOI = 2) and supcr- 
natants were harvested as described above. AAV and adenovirus stocks were 
subjected to titer determination by immunofluorescence staining of cells which 
had been infected for 3 days either with serial dilutions of AAV to which 
adenovirus was added at an MOI of 2 or serial dilutions of adenovirus alone. 
Cells were grown to 70% con fluency in 96-wcll plates prior to infection. AAV 
infections were monitored with monoclonal antibody 76/3 (67), which reacts with 
the nonspliced Rep proteins of AAV, and adenovirus infections were monitored 
with monoclonal antibody A30 (sec below). Immunofluorescence staining was 
performed as described below, except that cells in 96-well plates were fixed with 
methanol alone before the staining procedure. The titers were calculated from 
the average numbers of fluorescence -positive cells infected with limiting dilu- 
tions of virus stocks. 

For analysis of different stages of infection by immunofluorescence staining, 
cells were grown on covcrslips and were infected in 10-cm pctri dishes for 2 h in 
1 ml of medium with the same MOIs as described for the preparation of virus 
slocks. After infection, 9 ml of medium was added and the dishes were incubated 
at 37°C and 5% C0 2 for the time intervals indicated at the respective experi- 
ments. Transfections of I leLa cells were performed in 10-cm petri dishes by 
following published protocols (18). 

Plasmids. The plasmid containing the full-length AAV2 genome (pTAV-2) 
was derived from pAV-2 (37) as described previously (24). Plasmids designated 
pCM V-Rcp78, pCMV-Rep68, pCM V-Rep52, and pCMV-Rep40 are identical to 
the respective plasmids pKEX-Rep78, pKEX-Rep68, pKEX-Rep52, and pKEX- 
Rcp40 described elsewhere (27). The cap gene expression plasmid (pCMV-VP) 
was generated by insertion of a 650-bp Baml U human cytomegalovirus (CMV) 
promoter fragment from pHCMV-Luci (kindly provided by K. Butz, German 
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Cancer Research Center, Heidelberg, Germany) into the Bam HI site of Blue- 
scriptll SK+ (Stratagene) and ligation of the Fspl-SnaBl cap gene fragment 
from pTAV-2 into the Smal site of the same plasmid. pHCMV-Luci was con- 
structed by cloning the Hindi-Avail fragment of the CMV promoter into the 
Smal site of pUC19. An£coRI-//mdIII fragment containing the CMV promoter 
was subcloned into the EcoRl-Hindlll site of plasmid pBL (21). 

Gel electrophoresis, immunoblotting, and immunoprecipitation. Protein sam- 
ples were analyzed on 15% polyacrylamidc gels in the presence of sodium 
dodecyl sulfate (SDS-PAGE) (61). Total-cell lysates were prepared by sonifica- 
tion of cells in protein sample buffer followed by heating to 100°C for 5 min. For 
immunoblotting, proteins were electrophoretically transferred to nitrocellulose 
membranes by using a semidry blotting equipment and stained with Ponceau S. 
Incubations with monoclonal antibodies or polyclonal antisera were performed 
by following published protocols (23). Rep and Cap proteins were visualized by 
alkaline phosphatase-coupled secondary antibodies as described in standard 
protocols (23) or by peroxidase -coupled secondary antibodies and enhanced 
chcmolumincscence detection (Amersham, Little Chalfont, United Kingdom), 
as described by the supplier. 

For immunoprecipitation experiments, either sucrose gradient fractions from 
soluble nuclear extracts (500 jjl1) (67), purified, nonassemblcd, baculovirus-ex- 
pressed capsid proteins (14 u.1, 100 jig/ml) (60), AAV virus stock (100 uJ of 10 9 
IU/ml), or purified recombinant VP2/VP3 -containing virus-like particles (28 uJ, 
50 u-g/ml) (53) were incubated overnight at 4°C in the presence of 0.5% Nonidet 
P-40 (NP-40) with 200 ^,1 of hybridoma supernatant of monoclonal antibody Al, 
A69, Bl, or A20 (see below) or 2 u,l of a polyclonal capsid protein antiserum 
raised in a rabbit (VP-S) (53). For control precipitations, we used monoclonal 
antibody IVA7 (see below), which is directed against the 33-kDa protein of 
Onchocerca volvulus. After this incubation, 2 u,l of affinity-purified polyclonal 
goat anti-mouse immunoglobulins was added to the samples with the monoclonal 
antibodies as a sandwich for binding to protein A, and the mixtures were incu- 
bated for 1 h. To remove nonspecific protein precipitates, the samples were 
centrifuged for 5 min at 17,600 x g av at 4°C. The immune complexes were 
precipitated by addition of 30 of protein A-Scpharose (10% [wt/vol] in NETN 
buffer, where NETN buffer consists of 0.1 M NaCl, 1 mM EDTA, 20 mM 
Tris/HCl [pH 7.5], and 0.5% NP-40). The samples were agitated for 1 h, and the 
Scpharose beads were washed three times with 1 ml of NETN buffer, boiled in 
protein-loading buffer, and analyzed by SDS-PAGE and Western blotting. All 
incubations were done at 4°C. For immunoprecipitation of metabolically labeled 
proteins, 5 x 10 5 cells were infected as described above either with AAV-2 and 
adenovirus type 2 or with adenovirus alone. After 20-h, the cells were incubated 
for 1 h in DMEM free of methionine and cystine and then for 3 h in the same 
medium containing 100 p,Ci of 35 S-translabcling mix (ICN Biochemicals). The 
cells were washed twice with phosphate-buffered saline (PBS; 18 mM Na 2 HP0 4 , 
10 mM KH 2 P0 4 , 125 mM NaCl [pH 7.2]) and lyscd directly in the dish with 1 ml 
of RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% dcoxycholate, 0.1% SDS, 50 
mM Tris/HCl [pH 8.0]) for 15 min at 4°C. The lysates were centrifuged for 15 
minutes at 17,600 X g av at 4°C, and the supernatants were immunoprecipitated 
as described above. 

Generation of monoclonal antibodies. Monoclonal antibodies against AAV-2 
capsid proteins (Al, A69, Bl, and A20), replication proteins (76/3), and an 
adenovirus protein (A30) were generated as described previously (67). The 
nucleolus-specific antibodies were obtained commercially (Pacsel & Lorei, 
Hanau, Germany), and antibody IVA7, directed against the 33-kDa protein of O. 
volvulus, was kindly provided by R. Lucius, University of Heidelberg. 

Immunofluore scent staining. Cells were grown on covcrslips and were trans- 
fecled and infected as described above. Before fixation, the cells were washed for 
5 min in PBS and fixed in methanol (5 min at 4°C) and then in acetone (5 min 
at 4°C). Then the covcrslips were air dried and cither stored dry at -20°C or used 
directly for immunofluorescence staining. Alternatively, cells were fixed in 2% 
paraformaldehyde (PFA) in PBS for 20 min. After incubation in PFA, the 
covcrslips were incubated for 3 min in 50 mM (NH) 4 C1 in PBS and for 5 min in 
0.5% Triton X-100 in PBS. Then they were washed in PBS. All steps of the PFA 
fixation were performed at room temperature. PFA-fixed cells were directly used 
without air drying for immunofluorescence staining. The first antibody was ap- 
plied to the coverslips for 1 h at 20°C or 15 h at 4°C in a moist chamber. 
Hybridoma supernatants were applied undiluted, and polyclonal antisera were 
diluted 1:50 in PBS containing 1% bovine serum albumin (BSA) prior to appli- 
cation. After incubation with the first antibody, the samples were washed three 
times in PBS for 5 min each at 20°C. The samples were incubated for 1 h at 20°C 
with either fluorescein- or rhodamine-couplcd anti-mouse or anti-rabbit second- 
ary antibodies (Dianova, Hamburg, Germany) diluted 1:50 or 1:100 in PBS-1% 
BSA. After incubation, the samples were washed as described above and then 
given short rinses in distilled water and in 100% ethanol. Then the coverslips 
were air dried, embedded in Elvanol, visualized, and photographed with a Leitz 
Dialux 22-Microscope, using Kodak T-Max 400 films. For counting fluorescence- 
positive cells, 5 to 10 randomly chosen image fields each displaying between 100 
and 400 cells were evaluated. 

Fluorescent in situ hybridization. Coverslips with adherent cells were washed 
three limes in PBS and fixed with 4% PFA in PBS for 20 min. Then the cells were 
permeabilized by incubation for 20 min in PBS containing 0.5% (vol/vol) Triton 
X-100 and 0.5% (vol/vol) saponin. After permeabilization, they were washed 
again in PBS three times, placed in 0.1 M MCI for 5 min, and incubated for 30 



Vol. 71, 1997 



SUBCELLULAR COMPARTMENTALIZATION OF AAV-2 ASSEMBLY 1343 



minutes at room temperature in PBS containing 20% glycerol. Then the samples 
were immersed in liquid nitrogen for 2 min and thawed slowly at room temper- 
ature. This freezc-thaw step was repeated three times. The coverslips were either 
stored at -70°C or directly used for in situ hybridization. A Clal-Bsal fragment 
of pTAV-2 which covers the first 286 non transcribed nucleotides of AAV was 
used for in situ hybridization. It was labeled with Bio-16 dCTP (Sigma, Munich, 
Germany) by using Ready-To-Go DNA-labeling beads (Pharmacia, Uppsala, 
Sweden) as specified by the manufacturers. The hybridization mixture was pre- 
pared by dissolving 36 ng of the labeled fragment and 8 p,g of competitor tRNA 
in 4 m-1 of formamide per covcrslip. The probe was denatured via incubation at 
70°C for 10 min and immediately chilled on ice. Then dcxtran sulfate and 10x 
SSC (1.5 M NaCl plus 0.15 M sodium citrate [pM 7.0]) were added to final 
concentrations of 4 ng of labeled probe per ml, 1 jxg of tRNA per jil 2x SSC, 
10% dcxtran sulfate, and 50% formamide. Prior to hybridization, the frozen 
samples were thawed and washed twice with 2x SSC, incubated with 2x SSC (in 
50% formamide) at 90°C for 10 min and washed with ice-cold 2x SSC. Then the 
samples were incubated with the hybridization mixture for 1 h at 37°C in a moist 
chamber. After hybridization, they were successively washed in 2x SSC (in 50% 
formamide) for 15 min at 37°C, 2x SSC for 30 min at room temperature, and lx 
SSC for 15 min at room temperature. The coverslips were then rinsed in buffer 
W (20 mM HE PES [pM 7.2], 150 mM KC1, 0.05% Tween 20) and incubated with 
fluorescein isothiocyanate-coupled ExtrAvidin (Sigma) for 15 h at 4°C (2 \xg of 
ExtrAvidin per ml in 20 mM HEPES [pH 7.2J-250 mM KC1-0.5 mM dilhiolhre- 
itol-1% BSA). Afier two washing sleps in buffer W (5 min at 20°C each), the 
samples were immunolabelcd for double staining as described above. 

Preparation of AAV proteins and particles. Recombinant AAV proteins and 
VP2/VP3 particles were prepared by infection of SF9 cells with recombinant 
baculoviruses expressing VP1, VP2, and VP3 (53, 60). For preparation of AAV-2 
capsids for electron microscopy, 5 X 10 7 McLa cells were transfected with 
pCMV-VF, infected with adenovirus (MOI = 10), harvested, and sedimented by 
centrifugation for 5 min at 200 X g av and 4°C The pellet was rcsuspended in 50 
ml of PBS and centrifuged again for 5 min at 200 x g av and 4 D C. The supernatant 
was discarded, and the pellet was rcsuspended in 1 ml of PBS containing 1 mM 
phenylmethylsulfonyl fluoride, 1 ng of pepstatin per ml, and 3 M-g of leupeptin 
per ml and sonified three times for 10 s on ice (Branson sonificr, level 4). The 
extract was centrifuged (16,500 x g uv for 10 min at 4°C), and the pellet was 
rcsuspended in 1 ml of digestion buffer (150 mM NaCl, 50 mM Tris/HCl [pH 
8.0], 1 mM EDTA, 5 mM MgCl 2 ). DNase and RNasc were added to final 
concentrations of 50 and 25 ^m\, respectively, and the extracts were incubated 
for 3 h at 12°C. After digestion, NaCl was added to a final concentration of 0.5 
M. Dithiothreitol and EDTA were added to final concentrations of 10 and 2 mM, 
respectively. Then the samples were sonified again three times for 10 s each and 
subjected to agitation for 30 min at room temperature. After the agitation, the 
extracts were centrifuged for 20 min at 3,500 x g av and 4°C The supernatant was 
loaded onto a two-step sucrose cushion, with the lower layer consisting of 200 p.1 
of 50% sucrose in TE buffer (10 mM Tris [pM 7.5], 1 mM EDTA) and the upper 
layer consisting of 200 ^1 of 30% sucrose in TE, and the extracts were centrifuged 
for 2.5 h at 42,000 rpm and 4°C in a Bcckman TLS55 rotor. The pellet was 
rcsuspended in 300 p,l of TE buffer with 0.1 M NaCl and incubated at room 
temperature for 30 min. Then the samples were centrifuged for 1.5 h at 80,000 
rpm and 4"C in a Bcckman TLA100.3 rotor, and the sediment was resuspended 
in 200 jjlI of 0.3 M NaCl in TE buffer and subjected by agitation for 15 h at 4°C 
The samples were cleared by centrifugation for 10 min at 16,500 x g av and 4°C, 
and the supernatant was stained for electron microscopy with 2% uranyl acetate 
and examined in a Zeiss EM 10 electron microscope. 

RESULTS 

Characterization of AAV-2 capsid protein antibodies. To 

study the intracellular localization of AAV-2 capsid proteins in 
comparison to the localization of Rep proteins and AAV-2 
DNA during AAV-2/adenovirus type 2 coinfections, we raised 
a number of monoclonal antibodies directed against AAV-2 
capsid proteins. Western blot analysis of extracts of AAV-2/ 
adenovirus type 2-infected HeLa cells showed that the hybrid- 
oma clone Al produced antibodies which specifically recognize 
VP1, antibodies of clone A69 recognize VP1 and VP2, and 
antibodies of clone Bl react with all three capsid proteins (Fig. 
1). The immunoreactive polypeptides exactly comigrated with 
polypeptides detected with a polyclonal capsid protein anti- 
serum (Fig. 1, VP-S) (53). None of the antibodies tested 
showed cross-reaction with proteins extracted from HeLa cells 
infected with adenovirus alone under the conditions tested. 
Antibodies of clone A20 did not react with capsid proteins in 
Western blot analyses. Based on the overlapping reading 
frames of VP1, VP2, and VP3 in the AAV-2 cap gene, these 
findings indicate that Al detects an epitope within N-terminal 
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FIG. 1. Immunoblot analysis of monoclonal antibodies raised against AAV 
capsid proteins. Extracts of HeLa cells infected with adenovirus type 2 (Ad) or 
AAV-2 plus adenovirus type 2 (AAV + AD) were prepared 24 h postinfection, 
separated by SDS-PAGE, and blotted. Monoclonal antibodies Al, A69, 131, and 
A20 were applied to these Western blots and compared with a polyclonal anti- 
scrum (VP-S) described previously (53). The antibody reaction was visualized by 
reaction with an alkaline phosphatase-coupled secondary antibody. Note that 
A20 does not detect AAV proteins after SDS-PAGE. 



amino acids 1 to 137 of VP1, A69 detects an epitope between 
amino acids 138 and 203 of VP1, corresponding to amino acids 
1 to 65 of VP2, and Bl detects an epitope of the VP3 sequence 
which completely overlaps with VP1 and VP2. 

To investigate the specificity of the antibodies toward non- 
denatured proteins, we immunoprecipitated capsid proteins 
from extracts of [ 35 S]methionine-labeled HeLa cells infected 
with AAV-2 and adenovirus type 2 (Fig. 2a) or adenovirus 
alone (Fig. 2b). Monoclonal antibodies Al, A69, Bl, and A20 
immunoprecipitated AAV capsid proteins as confirmed by 
comparison with polypeptides precipitated with the VP-S an- 
tiserum. In some precipitations, we recovered a non-AAV- 
specific polypeptide (Fig. 2a, b, asterisks), but this polypeptide 
was not specific for a particular antibody and probably repre- 
sented material nonspecifically adsorbed to protein A-Sepha- 
rose. The fact that VP3 was also found in precipitates obtained 
with antibodies Al and A69, which do not recognize epitopes 
of VP3, suggests that VP1 and VP2 are also detected in cap- 
sids, capsid precursors, or other complexes involving VP3 (Fig. 
2a). To distinguish between these possibilities, we tested the 
antibodies on more clearly defined substrates, such as recom- 
binant nonassembled capsid proteins purified from baculovi- 
rus-infected SF9 cells, assembled capsids present in AAV-2 
virus stocks, and recombinant VP2/3 containing empty virus- 
like particles prepared from baculovirus-infected SF9 cells 
(Fig. 2c to e). While Al, A69, Bl, and VP-S precipitated the 
recombinant, nonassembled, but partially oligomerized 
AAV-2 capsid proteins (60), A20 failed to precipitate these 
proteins, although they were renatured and soluble in buffers 
of physiological ionic strength (Fig. 2c). Al and A69 copre- 
cipitated some VP3, probably reflecting complex formation 
between the capsid proteins. Interestingly, all antibodies ex- 
cept Bl recognized and precipitated capsids from AAV virus 
stocks (Fig. 2d). Obviously, the epitope which is recognized by 
Bl becomes masked during capsid assembly. In contrast, A20 
antibodies, which failed to detect nonassembled or denatured 
capsid proteins, precipitated assembled capsids, suggesting 
that they recognize an epitope which is formed during capsid 
assembly. These properties of the capsid protein antibodies 
were confirmed by precipitation of VP2/3 containing virus-like 
particles (Fig. 2e). In addition it was confirmed that Al spe- 
cifically detects VP1, since VP2/3 particles were not precipi- 
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FIG. 2. Immunoprecipitations with monoclonal capsid protein antibodies, 
(a) Monoclonal antibodies Al, A69, Bl, and A20 were used to immunoprecipi- 
tatc capsid proteins from extracts of [ 35 SJmethionine-labclcd HcLa cells infected 
with AAV-2 and adenovirus type 2. (b) Control precipitations were performed 
with extracts of adenovirus type 2-infected cells. The asterisks denote a nonspe- 
cific precipitate in some lanes, (c) Capsid proteins precipitated from a pool of 
soluble, nonassembled capsid proteins, (d) Capsids precipitated from virus 
stocks, (e) Precipitation of VP2/VP3 containing capsid-like particles (53). For 
controls, precipitations with the polyclonal capsid protein antiserum (VP-S) and 
a nonspecific antibody (Co) were performed. Precipitated capsid proteins were 
detected by Western blotting with Bl and developing the detected bands with 
alkaline phosphatase-coupled secondary antibodies. 



tated by this antibody. Bl also did not precipitate these virus- 
like particles. The weakly stained bands migrating below VP3 
in Fig. 2c to e are immunoglobulin G molecules of the anti- 
bodies. To further clarify the specificity and selectivity of these 
antibodies for capsid protein populations present in AAV-2/ 
adenovirus type 2-infected HeLa cells, we fractionated nuclear 
extracts of AAV-2/adenovirus type 2-infected HeLa cells on 
sucrose gradients and immunoprecipitated the capsid proteins 
from each fraction (Fig. 3). Al, A69, Bl, and VP-S preferen- 
tially precipitated VP proteins sedimenting below 20S, repre- 
senting monomeric or oligomeric capsid proteins. A20 did not 
precipitate capsid proteins sedimenting in this range. Instead, 
A20 antibodies selectively precipitated capsid proteins sedi- 
menting around 60S and above (see also reference 67), repre- 
senting the sedimentation range of empty and full AAV cap- 
sids (42). However, it is not clear whether empty and full 
capsids are recognized with the same affinity. This confirms 
and extends the conclusion drawn from Fig. 1 and 2 that the 
A20 antibody specifically recognizes an epitope of assembled 
capsids which is not present in denatured capsid proteins and 
native but nonassembled capsid proteins. Al, A69, and VP-S 
precipitated capsids with lower efficiency than did free capsid 
proteins. Nevertheless, the specific epitopes for Al, A69, and 
VP-S are accessible on capsids at least to some extent. Al- 
though Bl was highly efficient in precipitating free VP pro- 
teins, it precipitated only trace amounts of capsids, which were 
close to background levels. Taken together with the results of 
Fig. 2d and e, this antibody can be characterized by a high 
preference for free capsid proteins; however, a slight reaction 
with capsids cannot be completely ruled out. 

As such, these antibodies, in particular A20 and Bl in com- 
bination with polyclonal anticapsid antibodies, e.g., VP-S, are 
interesting tools for investigating capsid assembly on the cel- 
lular level, since they distinguish between free capsid proteins 
and assembled AAV-2 capsids within infected cells. 
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FIG. 3. Immunoprecipitation of size-fractionated capsid proteins obtained 
from AAV-2/adenovirus type 2-infected HcLa cells with monoclonal capsid 
protein antibodies. Nuclear extracts of AAV-2/adenovirus type 2-infected HeLa 
cells were fractionated on sucrose density gradients, and monoclonal antibodies 
Al, A69, Bl, and A20 were used to immunoprccipitate capsid proteins from the 
fractions obtained. The immunoprecipitatcs were analyzed by SDS-PAGE and 
Western blotting with monoclonal antibody Bl. The immunorcaction was visu- 
alized by incubation with a peroxidase -coupled secondary antibody followed by 
enhanced chemilumincscence detection. Immunoprecipitations were compared 
with those obtained by precipitation with a polyclonal capsid protein antiserum 
(VP-S). Sedimentation positions were determined in parallel gradients with 
thyroglobulin (20S), empty VP2/3 capsid-like particles (60S), and infectious 
AAV particles (HQS). 



Stages of AAV-2/adenovims type 2 coinfection characterized 
by the intracellular localization of Rep and Cap proteins. 

After staining of HeLa cells infected with AAV-2 and adeno- 
virus type 2 (MOIaav = 20, MOI Ad = 2) by double immuno- 
fluorescence with the polyclonal antiserum VP-S, recognizing 
all capsid proteins, and monoclonal antibody 76-3, recognizing 
the nonspliced Rep proteins Rep78 and Rep52 (67), we ob- 
served a number of different phenotypes regarding the spatial 
intracellular distribution of Rep and Cap proteins. We classi- 
fied them into five groups defined by typical patterns of intra- 
cellular Rep and Cap protein distribution (Fig. 4a) and 
counted their frequencies at consecutive time points after in- 
fection. As shown in Fig. 4b, different phenotypes, defined as 
stages 2 to 5, exhibited their peaks of relative frequency at 
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different time points postinfection. This allowed us to postulate 
a sequence of stages representing the progression of an AAV- 
2/adenovirus type 2 coinfection. 

Stage 1 clearly appeared at earlier time points than stage 2, 
between 10 and 14 h after infection, but did not decline in 
frequency when the following stages appeared. This made it 
difficult to include the frequency distribution of stage 1 in the 
graph shown in Fig. 4b. Between 70 and 80% of the cells 
showed this distribution of the Rep proteins. The observation 



FIG. 4. Characterization of stages of a productive AAV-2/adenovirus type 2 
coinfection in HeLa cells by double immunofluorescence with Rep and Cap 
antibodies, (a) The subcellular localization of replication proteins (Rep) and 
capsid proteins (Cap) was visualized with the polyclonal VP antiserum and 
monoclonal antibody 76/3, recognizing Rep78 and Rep52 (67), in samples pre- 
pared during the time course of infection by double immunofluorescence stain- 
ing, (b) The succession of five stages shown in panel a was analyzed by deter- 
mining the frequency of defined subcellular Rep and Cap distributions in a 
population of coinfected cells at various lime points postinfection. Stage 1 was 
omitted from the graph, since its frequency remained constant throughout the 
infection, although it appeared before the other stages. 

that a higher proportion of cells, up to 90% and more, ap- 
peared in stages 2 to 5 when the MOI of adenovirus was 
enhanced suggests that at low MOI of adenovirus relative to 
the MOI of AAV-2 there is a block of progression to the 
following stages in some cells (data not shown). The dotted 
distribution pattern of Rep proteins probably represents sites 
of AAV DNA replication (65), since AAV-2 DNA colocalized 
in the same spots (see Fig. 7). At this stage, no capsid proteins 
which could be used for packaging of the replicated DNA were 
expressed, whereas cells in stage 2 expressed both Rep and 
Cap proteins. In stage 2, Rep proteins were detectable all over 
the nucleoplasm and occasionally were also visible in the nu- 
cleoli as a group of small fluorescence-positive clusters. We 
interpret this as a short transient nucleolar state of Rep (e.g., 
Fig. 4, stage 2), since Rep was not detectable in nucleoli in the 
preceding or following stages. Capsid proteins were detectable 
in the nucleus and in the cytoplasm and were clearly enriched 
in the nucleoli. The identity of the nucleoli was confirmed with 
a commercially available nucleolus specific antibody (data not 
shown). In stage 3, large amounts of Rep and capsid proteins 
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were present in the nucleoplasm; however, capsid proteins 
were also detectable in the cytoplasm and the nucleoli. The 
nucleoli, if detectable, were strongly enlarged or fragmented 
and began to disappear. In this stage, the most extensive co- 
localization of replication and capsid proteins in broad zones 
of the nucleoplasm was observed. The colocalization of Rep 
and Cap proteins of some of the samples shown here by con- 
ventional immunofluorescence microscopy was verified by la- 
ser scanning microscopy of doubly stained samples (data not 
shown). In stages 4 and 5, Rep proteins concentrated in some 
clusters of the nucleus, often along the nuclear periphery, and 
the capsid proteins were no longer codistributed in these 
stages. Some of these redistributions might be due to adeno- 
virus-induced changes of the nuclear structure. Furthermore, 
an increasing amount of strongly capsid protein-positive dots 
became visible both in the nucleus and in the cytoplasm. These 
stages describe the most frequent images and omit intermedi- 
ates and rare patterns of Rep and Cap distribution. The local- 
ization pattern of replication and capsid proteins was con- 
firmed after fixation of cells with PFA (data not shown). 

VP1 and VP2 accumulate in the nucleus, in contrast to VP3. 
Comparison of the distribution patterns of VP1 alone (deter- 
mined by antibody Al), VP1 plus VP2 (determined by anti- 
body A69), and nonassembled VP1 plus VP2 plus VP3 (deter- 
mined by antibody Bl) with those of total capsid proteins 
(detected by the VP-S serum) showed some interesting details 
(Fig. 5). VP1 and VP2 were highly enriched in the nucleus, 
while nonassembled VP3 detected with Bl was evenly distrib- 
uted over the nucleus and cytoplasm. This result suggests that 
the stoichiometry of capsid proteins is different in the nuclear 
and cytoplasmic compartments. As Bl, in contrast to VP-S, 
does not detect assembled capsids, it seems likely that the 
higher proportion of the VP-S-positive material in the nucleo- 
plasm accounts for assembled capsids. All three monoclonal 
antibodies, Al, A69, and Bl, showed similar rearrangements of 
nuclear compartmentalization of capsid proteins during the 
time course of infection, as shown in Fig. 4 with the VP anti- 
serum (data not shown). 

Localization of AAV-2 capsids during the time course of 
infection. To localize the cellular compartment of capsid for- 
mation, we used the capsid-specific antibody A20 in double- 
immunofluorescence stainings with the polyclonal capsid pro- 
tein antiserum (VP-S) to visualize AAV-2 capsids in AAV-2/ 
adenovirus type 2-coinfected HeLa cells at various time points 
postinfection. Between 10 and 14 h after infection (transition 
of stage 1 to stage 2), VP proteins were distributed over the 
cytoplasm and the nucleoplasm while the nucleoli were nega- 
tive. At this time, no AAV-2 capsids were detectable (Fig. 6a). 
Before 10 h postinfection, no immunofluorescence was seen, 
demonstrating that the VP-S antiserum detected newly synthe- 
sized capsid proteins. At later time points (stage 2 and the 
transition between stage 2 and stage 3), capsid proteins accu- 
mulated in the nucleoli, which increased in size and intensity of 
staining for capsid proteins (Fig. 6b to d). Coincidentally with 
the nucleolar localization of capsid proteins, AAV-2 capsids 
were detectable with the A20 antibody. Counting the frequen- 
cies of various A20-positive images at early time points after 
infection suggested that the nucleoli were the sites in infected 
cells where capsids were first detected (Fig. 6i), although at the 
earliest stages a significant number of cells also showed some 
nucleoplasms staining. The nucleoli gradually increased in 
size during infection (Fig. 6b to d) and finally seemed to be- 
come fragmented (Fig. 6e) or completely dissolved (Fig. 6f). At 
intermediate stages (stage 3 and 4), capsids colocalized with 
capsid proteins in the nucleoli and the nucleoplasm; however, 
they were never detectable in the cytoplasm at these stages 
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FIG. 5. Subcellular localization of VP1, VP 1/2, or VP1/2/3 in AAV-2/adeno- 
virus type 2-infected HeLa cells. Double immunofluorescence with monoclonal 
antibodies Al, A69, Bl, and the VP antiserum (VP-S) at stages 2 to 3 is shown. 
Bl (reacting with VP1, VP2 and VP3) detected nuclear and cytoplasmic capsid 
proteins with similar intensity, whereas Al (reacting with VP1) and A69 (react- 
ing with VP1 and VP2) exclusively stained nuclear capsid proteins. 



(Fig. 6d to f). Only very late in the progression of the infection 
were capsids released to the cytoplasm. They did not colocalize 
with the bulk of capsid proteins (Fig. 6g and h). These results 
clearly indicate that capsid assembly is confined to nuclei of 
infected cells and that the nucleoli or nucleolar components 
may play a role in the assembly process. 

Localization of AAV-2 DNA in relation to Rep and Cap 
proteins. To define potential sites for AAV DNA packaging, 
we performed fluorescent in situ hybridization experiments in 
combination with immunofluorescent stainings to compare the 
distribution patterns of Rep and Cap proteins with the local- 
ization of AAV-2 DNA (Fig. 7). In cells of stage 1, Rep and 
AAV-2 DNA colocalized in the finely dotted pattern already 
described for Rep localization in Fig. 4, an observation which 
recently was also made by others (65). As mentioned above, 
capsid proteins were not detectable at this stage. In stages 2 
and 3, Rep and DNA still colocalized over large areas of the 
nucleoplasm and weak signals inside the nucleoli could some- 
times be observed. During these stages, localization of the 
capsid proteins visualized with the Bl antibody overlapped 
with DNA in the nucleoplasms areas, but DNA was either 
absent from the nucleoli or present in only very small amounts, 
although the nucleoli were the sites of strongest capsid protein 
fluorescence. Double staining of AAV DNA and capsids with 
the capsid-recognizing antibody (A20) was not successful be- 
cause a denaturation step was necessary for DNA hybridiza- 
tion and the A20 antibodies did not react with denatured 
capsid proteins. We were unable to detect AAV-2 DNA in 
cells harvested 30 h postinfection (stages 4 and 5 [data not 
shown]), suggesting that the amount of DNA accessible for 
hybridization was too small at late stages of infection because 
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FIG. 6. Detection of cellular sites of AAV-2 capsid assembly with monoclo- 
nal antibody A20. HeLa cells coinfected with AAV-2 and adenovirus type 2 were 
analyzed at different time points postinfection by double immunofluorescence 
with monoclonal antibody A20, specifically detecting AAV-2 capsids and the 
polyclonal capsid protein antiserum (VP-S). The different staining patterns (a to 
h) were arranged in an arbitrary sequence of changes in cellular localization of 
capsid proteins (VP-S) with time according to the stages depicted in Fig. 4 and 
the frequency determination of different A20 staining patterns (i). 
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FIG. 7. Subcellular localization of AAV-2 DNA in comparison to Rep and Cap proteins in AAV-2/adenovirus type 2-infected HeLa cells. Double staining of 
AAV-2/adenovirus type 2-coinfccted HeLa cells was performed using indirect immunofluorescence and in situ hybridization techniques. The localization of AAV-2 
DNA was shown in comparison to capsid proteins by detection with monoclonal antibody Bl and in comparison to the nonspliced Rep proteins visualized with 
monoclonal antibody 76/3 for stage 1 and stages 2 and 3 of an AAV-2/adenovirus type 2 coinfection. Note the complete colocalization of AAV-2 DNA and Rep proteins 
and the only partial colocalization of AAV-2 DNA and capsid proteins in the nuclei of infected cells. 



most of the AAV-2 DNA had already been packaged. As such, 
the nucleoplasm is an area where replication proteins, capsid 
proteins, and DNA colocalize and where DNA packaging 
might occur. 

Genetic elements of AAV-2 involved in capsid formation. 

Detection of capsids by the A20 antibody allowed us to inves- 
tigate which AAV-2 genes are involved in capsid formation. 
HeLa cells were transiently transfected with a plasmid contain- 
ing the complete AAV genome (pTAV-2) and infected with 
adenovirus, and capsid formation was monitored by A20 im- 
munofluorescence in comparison to cells transfected with a 
construct expressing the cap gene alone (pCMV-VP) (Fig. 8). 
Transfection of pTAV-2 and infection with adenovirus led to 
the formation of capsids in about 90% of capsid protein-ex- 
pressing cells (equivalent to AAV-2/adenovirus type 2-coin- 
fected cells), and the cells proceeded through the same stages 
as in a coinfection experiment (data not shown). Only the cells 
showing nucleolus-localized capsid proteins also showed cap- 
sid formation (Fig. 8a, pTAV-2). This correlation also held 
true for cells expressing solely the cap gene, regardless of 
whether they were infected with adenovirus (Fig. 8a, 
pCMV-VP +Ad, pCMV-VP -Ad). Preparative isolation of 
capsids from such transfected cells and analysis by negative 
staining and electron microscopy confirmed that capsids were 



indeed assembled (data not shown). However, two differences 
were obvious when cells transfected with pCMV-VP were com- 
pared with cells transfected with pTAV-2: first, the capsids 
accumulated in the enlarged nucleoli and did not proceed 
through the following stages of infection, and second, only 
about 40% of the capsid protein-expressing cells also formed 
capsids as quantitated by comparison of VP-S- and A20-posi- 
tive cells. Therefore, we tried to determine which components 
of the AAV genome enhance the efficiency of capsid formation 
and which factors have an influence on the subcellular distri- 
bution of capsids. 

Transfection of increasing amounts of the AAV cap gene 
expression plasmids (CMV-VP) resulted in a nearly exponen- 
tial increase in the percentage of capsid-producing cells (Fig. 
8b), showing that capsid formation is strongly dependent on 
cellular capsid protein concentration. 

When we studied the influence of different Rep proteins or 
of replication-competent plasmids with terminal repeats on the 
efficiency of capsid formation, we were not able to detect a 
direct and reproducible stimulation of capsid assembly by these 
components (data not shown). An indirect effect due to 
changes of the intracellular capsid protein concentration could 
not be excluded. However, when we analyzed the subcellular 
distribution of capsids, we observed an altered pattern of cap- 
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FIG. 8. Capsid assembly in HeLa cells transfected with a full-length AAV-2 
genome or the cap gene alone, (a) HeLa cells were transfected with plasmids 
containing a full-length AAV-2 genome (pTAV-2) or the cap gene expressed 
under the control of the CMV promoter (CMV-VP) in the presence or absence 
of adenovirus type 2 (Ad) and analyzed for capsid formation by double immu- 
nofluorescence with the polyclonal capsid protein antiserum (VP-S) and mono- 
clonal antibody A20 for detection of capsid formation, (b) The percentage of 
capsid protein-expressing cells which formed capsids was determined by the .same 
assay after transfeetion of increasing quantities of CMV-VP plasmid. 



sid distribution when Rep proteins were coexpressed (Fig. 9). 
As mentioned above, expression of the cap gene alone led to 
the formation of capsids which were restricted to the nucleoli, 
in contrast to the accumulation of capsids throughout the nu- 
cleoplasm in the presence of the whole AAV genome (Fig. 9, 
pTAV2 and pCMV-VP + pKEX). Coexpression of the small 
Rep proteins in most cells resulted in a punctate distribution 
pattern of assembled capsids (Fig. 9). This was accompanied by 
a significantly reduced capsid protein expression level and re- 
duced capsid formation efficiency (data not shown). Coexpres- 
sion of Rep78 or Rep 68 seemed to permit the release of 
assembled capsids from the nucleoli or stimulated capsid as- 
sembly outside the nucleoli also, leading to a capsid distribu- 
tion rather similar to the situation in AAV-2/adenovirus type 
2-coinfected cells (Fig. 9). This effect was capsid protein con- 
centration independent, and cotransfection of a plasmid with 
AAV terminal repeats did not change this pattern. This result 
clearly showed an influence of the Rep proteins on the sub- 
cellular distribution of assembled AAV capsids. 

DISCUSSION 

Analysis of cellular compartmentalization of AAV-2 DNA, 
Rep, and Cap proteins during the course of a productive in- 
fection provided evidence for temporal and spatial regulations 
of DNA replication, capsid assembly, and DNA packaging. 
The whole process could be described in a number of charac- 
teristic stages of infection. The spatial distribution of capsid 
protein subgroups, including the distribution of assembled and 
nonassembled capsid proteins by specific monoclonal antibod- 
ies, allowed us to determine the cellular sites of capsid assem- 
bly and packaging and finally to identify AAV genes involved 
in capsid assembly and localization. These data provide a 
framework for the interpretation of biochemical and genetic 
data describing the process of AAV reproduction. 

An important tool for the analysis of subcellular capsid pro- 
tein localization was a set of monoclonal antibodies which 
allowed us to distinguish between proteins VP1 (Al), VP1 plus 
VP2 (A69), and VP1 plus VP2 plus VP3 (Bl) and between 
nonassembled capsid proteins (Bl) and assembled capsids 
(A20). The specificity of these antibodies was established by 
Western blotting and immunoprecipitations with a number of 
different substrates. Only the Al antibody occasionally reacted 
with a non-AAV-derived protein in immunoprecipitations, 
whereas the other antibodies showed cross-reactions only at 
very high concentrations of antibodies and protein and after 
prolonged exposure. The cross-reaction of Al was variable and 
of low affinity compared to the reaction with the VP1 polypep- 
tide, since, for example is was not detectable when VP1 was 
precipitated from extracts of AAV-2/adenovirus type 2-in- 
fected HeLa cells. Immunoprecipitations with the VP1- or 
VPl/VP2-specific antibodies Al and A69, respectively, re- 
sulted in a weak precipitation not only of assembled capsids 
but also of nonassembled VP3, suggesting that the epitopes for 
VP1 and VP2 are accessible both in assembled capsids and in 
nonassembled capsid precursor complexes containing VP1 and 
VP3. In contrast, the antibody reacting with all three capsid 
proteins (Bl) did not significantly precipitate assembled cap- 
sids according to several criteria. It is more difficult to interpret 
the characteristics of the A20 antibody. This antibody certainly 
has a high affinity for assembled capsids, and the Western 
blotting and immunoprecipitation experiments suggest that it 
recognizes a conformational epitope which is absent in dena- 
tured or nonassembled native capsid protein. The epitope is 
also present in recombinant virus-like particles made up of 
VP2 and VP3. It is, however, difficult to exclude the possibility 
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FIG. 9. Rep proteins influence the subcellular distribution of assembled 
AAV capsids. HeLa cells were transfectcd with a plasmid containing the com- 
plete AAV genome (pTAV-2) or the AAV-2 cap gene alone (pCMV-VP) or the 
cap gene in combination with single Rep protein expression constructs (pCMV- 
Rep40, pCMV-Rep52, pCMV-Rep68, and pCMV-Rcp78) and infected with 
adenovirus type 2 18 h after iransfection. Cells were fixed 20 h after infection and 
stained with monoclonal antibody A20 to delect AAV-2 capsids. Note the dif- 
ferent subcellular distribution patterns of AAV capsids. 



that this antibody also reacts with capsid precursors which 
possibly already have acquired the specific conformational 
epitope. Keeping this precaution in mind, this antibody is a 
very useful tool for the analysis of the AAV assembly process. 

The immunofluorescence data obtained with the A20 anti- 
body clearly showed that capsid assembly is a nuclear process. 
The antibody characteristics of Al and A69 allowed us to show 
that VP1 and VP2, unassembled and assembled, are highly 
enriched in the nucleus whereas unassembled VP3 is equally 



distributed between both compartments or somewhat enriched 
in the cytoplasm. This observation already implies that the 
stoichiometry of VP1 and VP2 to VP3 must be different in the 
nucleus and in the cytoplasm. This conclusion seems to con- 
tradict the analysis of capsid proteins obtained by preparation 
of nuclear and cytoplasmic fractions of infected cells (67). Such 
fractionation data, however, often lead to a mislocalization of 
highly soluble proteins, such as, e.g., the small Rep proteins, 
due to the leakiness of prepared nuclei. Expression of single 
capsid proteins also showed that VP1 and VP2 efficiently en- 
tered the nucleus whereas VP3 only equilibrated between both 
compartments (53). Coexpression of VP1 or VP2 with VP3 
increased the nuclear accumulation of VP3, suggesting that 
VP1 and VP2 are able to cotransport VP3 to the nucleus as has 
also been shown for capsid proteins of other viruses (30). Such 
a heterotypic complex formation for nuclear transport of a 
particular capsid constituent could be a mechanism to enrich 
the capsid proteins in the correct stoichiometry for capsid 
assembly in the nucleus. Assembly experiments with single 
capsid proteins expressed by infections with recombinant bacu- 
loviruses are in line with these speculations, since capsid-like 
structures could be detected in VP3-expressing SF9 cells only 
when VP2 was coexpressed (53). Recently, the expression of 
single capsid proteins in HeLa cells also showed that VP3 
alone was incapable of assembling into capsids as analyzed by 
immunofluorescence with the A20 antibody (60). 

Strikingly, the capsid proteins accumulated in the nucleoli of 
HeLa cells in early stages of infection or when expressed by 
transfection of the cap gene. We observed capsid formation 
only in cells in which the capsid proteins had entered the 
nucleoli. Exceptions were cells in which nucleoli could no 
longer be detected, either due to progression of the infection 
or to the disassembly of the nucleoli during the cell cycle (e.g., 
Fig. 6e to h). Cells which expressed the capsid proteins but in 
which the nucleoli were clearly capsid protein negative never 
showed any signs of capsid formation. This suggests that nu- 
cleolar components are involved in the capsid assembly pro- 
cess. In kinetic studies, capsids clearly were first detected in the 
nucleoli of a large proportion of infected cells; however, at the 
same time, smaller amounts of capsids in addition to the ones 
localized in the nucleoli were also detectable at some nucleo- 
plasm^ sites in a similar proportion of infected cells. Since A20 
fluorescence is an indicator for capsids but not for the assembly 
process itself and the capsid localization pattern changes with 
time, this could reflect capsids which had already been released 
or exported from the nucleoli. Alternatively, initiation of cap- 
sid assembly could also occur at these nucleoplasm^ positions. 
The transfection studies support the first interpretation, since 
in the presence of the cap gene alone, capsids were detectable 
almost exclusively in highly enlarged nucleoli. The fact that 
coexpression of the large Rep proteins leads to a significant 
increase of extranucleolar capsids can be interpreted as an 
influence of the Rep proteins on relocalization of the assem- 
bled capsids from the nucleoli to the nucleoplasm. The alter- 
native interpretation, i.e., that Rep stimulates capsid assembly 
outside the nucleoli, possibly by recruitment of assembly fac- 
tors at these sites, cannot be excluded. Although the presented 
data do not allow us to postulate an assembly pathway which 
obligatorily goes through the nucleolus in infected cells, the 
nucleolar localization of capsids during AAV infection is strik- 
ingly prominent. A high concentration of empty parvovirus H-l 
particles in the nucleolus was also observed in early electron 
microscopic studies (1, 56). Capsid assembly undoubtedly de- 
pends on the capsid protein concentration, and since capsid 
proteins accumulate in the nucleoli, they might represent just 
the cellular sites where the critical concentration for capsid 
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assembly is first reached. This simple interpretation, however, 
is questionable, since capsid proteins did not continuously con- 
centrate in the nucleolus. In transfection and infection exper- 
iments, one could observe many cells which showed a strong 
capsid protein fluorescence while the nucleoli were empty of 
capsid proteins, giving the impression that a switch for nucle- 
olar uptake of VP proteins had not yet occurred. The nucleoli 
are the cellular sites of ribosome biogenesis and harbor many 
proteins involved in assembly processes. It is therefore tempt- 
ing to speculate that nucleolar chaperones may also be used for 
AAV capsid assembly. 

According to the model of AAV packaging established by 
Myers and Carter (42), ssDNA resulting from displacement 
synthesis is introduced into preformed empty AAV capsids. 
Genetic evidence showed that in addition to the capsid pro- 
teins (25), Rep40 and Rep52 significantly stimulated ssDNA 
accumulation (17). This means that during AAV-2 DNA pack- 
aging, colocalization of Rep proteins, DNA, and capsids 
should be expected. Rep proteins 78 and 52 and AAV-2 DNA 
showed a perfect colocalization pattern (see also reference 65). 
A direct comparison of the localization of capsids and DNA 
was not possible because denaturation steps required for in 
situ hybridization of the DNA destroyed the epitope recog- 
nized by the A20 antibody. However, comparison of the local- 
ization of free capsid proteins by the Bl antibody with AAV-2 
DNA and correlation of Bl fluorescence and A20 fluorescence 
by comparison of the fluorescence obtained with the VP-S 
antiserum clearly demonstrate that the predominant sites of 
capsid and DNA colocalization are nucleoplasms areas at a 
certain distance from the nucleolus. This means that at the site 
of the highest capsid concentration and probably the most 
intensive capsid production, namely, the nucleolus, little or no 
DNA packaging occurs. Only trace amounts of AAV-2 DNA 
were detectable in the nucleolus, in contrast to reports of 
nucleolar localization of minute virus of mice DNA in mouse 
cells (22, 64). Coinfection with adenovirus also redirected 
minute virus of mice DNA to multiple intranuclear foci in 
HeLa cells, similar to the distribution of AAV-2 DNA. Ultra- 
structural studies of the autonomous H-l parvovirus replica- 
tion suggest that DNA synthesis begins at clusters of fibrillar 
centers released from nucleoli (55), suggesting that destruction 
of the nucleolus is part of the viral replication and asembly 
process. This view urges the interpretation that the assembled 
capsids are released from the nucleoli to the sites of DNA 
packaging, possible with the aid of the large Rep proteins in 
the course of nucleolar destruction. Hunter and Samulski (28) 
observed that AAV Rep and capsid proteins colocalize in the 
nuclei of infected cells. However, they also observed densely 
fluorescent capsid regions where they did not see an increase in 
Rep fluorescence. These regions may correspond to the nucle- 
oli. It is not clear why these authors found a colocalization of 
Rep and Cap proteins in the foci where Rep proteins and 
AAV-2 DNA already colocalized, i.e., at a stage when we could 
not detect capsid protein expression. In the course of the 
present experiments, colocalization of Rep and capsid proteins 
could be observed only at stage 2, with a peak at stage 3 when 
Rep was already distributed in rather broad areas of the nu- 
cleoplasm. One possibility is that infections with a higher MOI 
of adenovirus led to an earlier onset of capsid protein expres- 
sion than was observed in this study, which could result in an 
overlap of Rep and Cap localization at an earlier stage of 
infection than reported here. A close spatial association of 
replication proteins and DNA but a rather distinct localization 
of the capsid proteins was also observed for the Aleutian mink 
disease virus (45), although at different nuclear sites from 
those observed in this study. The segregation of replicating 



DNA and replication proteins from capsid proteins and cap- 
sids at certain time points postinfection to separate compart- 
ments might reflect necessary regulatory events in DNA rep- 
lication and packaging. 

The interpretation of different localization patterns as a pro- 
cess is difficult, because several different images can be ob- 
served at a certain time point after infection, and often the 
tools for revealing the underlying processes are not available. 
The five stages described above are more or less arbitrarily 
defined and omit rare images which could not be arranged into 
an order of events. Several studies have interpreted the distri- 
bution pattern of Rep proteins and DNA in a number of foci 
typically observed in stage 1 as replication centers which in- 
crease in size with the duration of infection (28, 65; see above). 
The strong nucleolar accumulation of capsid proteins in stage 
2 could be interpreted as an expression of an intense capsid 
assembly activity. The nucleoli also increase in size during 
infection, and capsids finally spread over the nuclear interior, 
possibly indicating relocation of capsids for packaging. The 
broad nucleoplasms: zones outside the nucleoli and not di- 
rectly associated with the nuclear envelope harboring AAV 
DNA, Rep proteins, and capsid proteins are probably the areas 
of DNA packaging. They are formed in stage 2 and 3 and last 
for about 2 h. Interpretation of clusters of Rep proteins or the 
speckles of capsid proteins where no capsids are detectable at 
later stages (stages 4 and 5) is not possible at present. The fine 
network of capsid fluorescence emerging from the nuclei of 
AAV-producing cells which often ends at the surface of not yet 
infected cells might depict the path of virion release and at- 
tachment at cells for a new round of infection. 
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Recombinant adeno-associated virus type 2 (rAAV2) is a promising vector for human somatic gene therapy. 
However, its broad host range is a disadvantage for some applications, because it reduces the specificity of the 
gene transfer. To overcome this limitation, we sought to create a versatile rAAV vector targeting system which 
would allow us to redirect rAAV binding to specific ceil surface receptors by simple coupling of different ligands 
to its capsid. For this purpose, an immunoglobulin G (IgG) binding domain of protein A, Z34C, was inserted 
into the AAV2 capsid at amino acid position 587. The resulting AAV2-Z34C mutants could be packaged and 
purified to high titers and bound to IgG molecules. rAAV2-Z34C vectors coupled to antibodies against CD29 
(Pi-integrin), CD117 (c-kit receptor), and CXCR4 specifically transduced distinct human hematopoietic cell 
lines. In marked contrast, no transduction was seen in the absence of antibodies or in the presence of specific 
blocking reagents. These results demonstrate for the first time that an immunoglobulin binding domain can 
be inserted into the AAV2 capsid and coupled to various antibodies, which mediate the retargeting of rAAV 
vectors to specific cell surface receptors. 



The human parvovirus adeno-associated virus type 2 
(AAV2) has many features that make it attractive as a vector 
for human somatic gene therapy (9, 11). However, its broad 
host range might represent a limitation for some applications, 
because recombinant AAV (rAAV)-mediated gene transfer 
would not be specific for the tissue or cell type of interest. The 
host range is determined by the interaction of the AAV2 cap- 
sid with specific cellular receptors and co receptors (18, 26, 27). 

Recently, a hypothetical model of the AAV capsid was gen- 
erated, and several regions which were exposed on the viral 
capsid accepted the insertion of an integrin-specific 14-amino- 
acid (aa) RGD ligand (L14) and bound to target cells express- 
ing the corresponding receptor (6). Moreover, AAV2 vectors 
with a ligand insertion at site 587 infected wild-type AAV- 
resistant B16F10 melanoma cells with infectious targeting ti- 
ters of 5 X 10 4 LacZ expression-forming units (EFU) per ml 
(multiplicity of infection, 1), indicating that the susceptibility of 
these cells to AAV2 infection was increased by at least 4 orders 
of magnitude (6). 

However, with this approach it remained difficult and labo- 
rious to generate targeting vectors, because the design and 
optimization of new AAV capsid mutants were required for 
each specific receptor and cell type. Thus, it seemed desirable 
to generate a universal AAV targeting capsid on which differ- 
ent ligands could bind and redirect the virus to specific cell 
surface receptors (Fig. 1A). Such a vector would allow rapid 
screening of appropriate receptors mediating virus binding, 
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uptake, and correct intracellular processing, which are all pre- 
requisites for successful retargeting of AAV-based vectors. 

For this purpose, an immunoglobulin G (IgG) binding do- 
main was introduced into the capsid to enable AAV to bind 
different antibodies via their Fc regions. In these virus-anti- 
body conjugates, the variable domain of the respective anti- 
bodies would function as a ligand directed against a specific 
cell surface receptor. A similar strategy has already been used 
for the retargeting of Sindbis virus vectors (15, 16). The IgG 
binding molecule chosen for our experiments was a minimized 
and optimized domain of protein A from Staphylococcus au- 
reus, Z34C (25). Z34C is a 34-aa two-helix domain which shows 
only a twofold-reduced binding affinity in comparison to the 
natural B domain. 

By use of Z34C insertion mutants, rAAV was retargeted to 
hematopoietic cell lines which were poorly transduced by 
rAAV carrying the wild-type capsid (10, 17) via a specific 
interaction with the cell surface receptor CD29 (3 r integrin), 
CD117 (c-kit), or CXCR4 (13, 32). 

MATERIALS AND METHODS 

Plasmid5. Plasmid pUC-AV2 was constructed by subcloning the 4.8-kb BglU 
fragment of pAV2 (12) (ATCC 37216) into the BamUl site of pUC19 (New 
England Biolabs) by blunt-end ligation. It contained the full-length AAV2 ge- 
nome and served as the parental plasmid for all constructs described in this 
report. 

Plasmid pCap was obtained by blunt-end subcloning of the 2.2-kb EcoRl- 
BspMl fragment of pUC-AV2 into the £coRI site of pUC19; therefore, it 
contained only the cap gene. It served as a template for all PCRs. 

The mutated plasmids contained the full-length AAV2 genome; the Z34C- 
encoding sequence was inserted in the cap gene of the AAV2 genome after the 
sequence for amino acid 587 (p587Z34C) or in combination with a deletion of 
amino acids 581 to 589 after the sequence for amino acid 580 (p587A9Z34C). 
Mutagenesis was achieved by using an ExSitc PCR-bascd site-directed mutagen- 
esis kit as described by the supplier (Stratagcnc). For the two mutants, a PCR 
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FIG. 1, (A) Strategy for retargeting AAV2 vectors with immunoglobulin-binding domains. The wild-type AAV2 (wtAAV) capsid is modified 
by insertion of the Z34C immunoglobulin binding domain. The mutated virus capsid is loaded with targeting antibodies against specific cell surface 
receptors. (B) Genomic structure of wild-type AAV2. The positions of the p5, pl9, and p40 viral promoters and the polyadenylation signal (pA) 
are indicated. Symbols show ITRs, rep and cap coding regions, and initiation and stop codons for the VP1, VP2, and VP3 viral capsid proteins. 
(C) Schematic diagram of the generated Z34C capsid mutants. The insertion site at position 587, the deleted amino acids (positions 581 to 589), 
and the Z34C ligand are indicated. 



fragment was generated by using plasmid pCap as the template and two primers: 
one (FOR) containing nucleotides belonging to the cap gene immediately up- 
stream of the insertion site and some nucleotides coding for the 5' portion of the 
Z34C ligand and the other (BACK) containing nucleotides belonging to the cap 
gene immediately downstream of the insertion site and some nucleotides coding 
for the 3' portion of the Z34C peptide. 

The following primers were used: 580Z34C-BACK (5'-ATTAGGATCGTGG 
AGGGCTTCGTAAAAGCGTGCGTTGACATTGCATATTAAAAGATACA 
GAACCATA-3'), 587Z34C-BACK (5'-ATTAGGATCGTGGAGGGCTTCGT 
AAAAGCGGCGTTGACATTGCATATTAAAGTTGCCTCTCTGGAG-3'), 
587Z34C-FOR (5 '-TTAAATGAAG AACAACGCAATGCC AAG ATTAAG A 
GTATTCGCGATGATTGTAGACAAGCAGCTACC-3'), and 590Z34C-FOR 
(5 '-TTAAATGAAGAACAACGCAATGCCAAG ATTAAG AGTATTCGC 
GATGATTGTGCACTCCGCAGAT-3'). 

The PCR products were amplified in bacteria and sequenced. The 1.4-kb 



EcoNl-Xcml fragment containing the Z34-cncoding sequence was then sub- 
cloned into pUC-AV2 from which the corresponding fragment encoding the 
wild-type cap sequence had been removed. 

Plasmid pRC was constructed by blunt-end subcloning of the 4.5-kb XbahXbai 
fragment of psub201( + ) (22) (plasmid obtained from R. J. Samulski) into the 
Pstl-Bamm sites of pSV40oriAAV (3). 

Plasmids pRC587Z34C and pRC587A9Z34C were derived from plasmid pRC 
by subcloning of the EcoNl-Xcml fragments of p587Z34C and p587A9Z34C into 
pRC from which the corresponding fragment had been removed. The plasmids 
contained the AAV2 rep and cap coding regions but lacked the viral inverted 
terminal repeats (ITRs); therefore, they allowed the production of hclpcr-frcc 
AAV2-bascd vectors cither with a wild-type AAV2 capsid (pRC) or with a capsid 
presenting the Z34C peptide. 

Plasmid pGFP is an AAV2-bascd vector plasmid in which the AAV2 ITR 
sequences flank the hygromycin selectable marker gene controlled by the thy- 



Vol. 76, 2002 

midinc kinase promoter and the Aequorea victoria green fluorescence protein 
(GFP) gene promoted by the cytomegalovirus promoter. pGFP was generated by 
inserting the AspllS-Notl fragment of pEGFP-Nl (Clontcch) into the Ayp718- 
Not\ sites of psub/CEP4(Sa1 inverse). psub/CEP4(Sal inverse) was a derivative of 
psub201( + ) (22) that had been digested with Xba\, blunt ended, and ligatcd to 
a blunt-ended 3,923-bp Sal\-Nm\ fragment of pCEP4(Sal inverse). pCEP4(Sal 
inverse) differs from pCEP4 (Invitrogen) by inversion of the Sal\-Sal\ fragment 
from positions 8 to 1316. 

Cell cultures. Cell lines HcLa (ATCC CCL-2), 293 (ATCC CRL-1573), and 
Jurkat (ATCC CRH990) were provided by the American Type Culture Col- 
lection. M-07c and Mccl cells were described previously (1, 24) and were ob- 
tained from J. Griffin (Boston) and F. Caligaris-Cappio (Turin), respectively. 
They were maintained at 37°C in 5% CQ 2 as monolayer cultures in Dulbecco's 
modified Eagle's medium (HcLa and 293) or as suspension cultures in RPMI 
1640 medium (Jurkat, M-07c, and Mccl). The medium was supplemented with 
10% fetal calf serum, 100 U of penicillin/ml, 100 u,g of streptomycin/ml, 2 mM 
L-glutaminc, and 10 ng of interlcukin 3/ml (M-07e). 

Production of AAV2 particles. 293 cells were seeded in 20 culture dishes 
(150-mm diameter, each containing 7.5 X 10 6 293 cells) and cotransfcctcd by the 
calcium phosphate method with a total of 37.5 u.g of vector plasmid (pGFP), 
packaging plasmid pRC, and adenovirus plasmid pXX6-80 (obtained from J. 
Samulski) at a 1:1:1 molar ratio. For viruses containing AAV rep and cap genes, 
plasmid pUC-AV2 or a mutated plasmid was transfected with pXX6-80 at a 1:1 
molar ratio. After 24 h, the transfection medium was replaced with fresh Dul- 
becco's modified Eagle's medium containing 2% fetal calf scrum, and the cells 
were incubated for 24 h at 37°C in 5% C0 2 . Thereafter, cells were harvested and 
pelleted by low-speed ccntrifugation at 3, 000 X g. Cells were resuspended in 150 
mM NaCl-50 mM Tris-HCl (pH 8.5)-l mM MgCl 2 and sonicated. Cell debris 
was spun down at 3,700 X g for 20 min at 4°C. The supernatant was purified by 
ammonium sulfate precipitation. Contaminants were precipitated with 35% am- 
monium sulfate. After ccntrifugation, the viral particles in the supernatant were 
precipitated in 55% ammonium sulfate. The pellet was resuspended in PBS-MK 
buffer (phosphate-buffered saline [PBS], 1 mM MgCl 2 , 2.5 mM KC1) and loaded 
onto an iodixanol gradient (4, 31, 34). Briefly, the solution containing the resus- 
pended virus was transferred into an Optiseal centrifuge tube (26 X 77 mm; 
Beckman) by layering in the following order: 7 ml of 15% iodixanol and 1 M 
NaCI in PBS-MK buffer, 5 ml of 25% iodixanol in PBS-MK buffer, 5 ml of 40% 
iodixanol in PBS-MK buffer and, finally, 6 ml of 60% iodixanol in PBS-MK 
buffer. All the iodixanol buffers, with the exception of the 40% buffer, contained 
phenol red. The tube was centrifuged in a type 70 Ti rotor (Beckman) at 69,000 
rpm for 1 h at 18°C. The 40% iodixanol phase containing the virus was collected 
and dialyzcd against PBS-MK buffer. 

Titer determinations. The concentration of DNA containing viral particles was 
determined by DNA dot blot hybridization. AAV2 preparations were first incu- 
bated with 500 u.g of DNase 1/ml to remove DNA including putatively free viral 
genomes that could be subsequently hybridized with the probe. The viral prep- 
arations were then blotted in serial dilutions and finally hybridized with a ran- 
dom-primer rep or gfp probe by standard methods. Particle titers were deter- 
mined by comparing the intensity of the hybridization signal with that obtained 
for a plasmid standard of a known concentration blotted on the same membrane. 

The titer was also tested by an enzyme-linked immunosorbent assay (ELISA) 
with murine monoclonal antibody (MAb) A20, which recognizes only assembled 
capsids of AAV2 (7, 28). Purified MAb A20 (200 ng) was attached to Costar 
microliter plates by overnight incubation at 4°C. After blocking with PBS con- 
taining 10% bovine serum albumin (BSA) and 0.05% Twcen 20, serial dilutions 
of AAV2 preparations were added to the wells and incubated for 3 h at room 
temperature. After a wash with PBS, the wells were incubated with biotin- 
conjugatcd MAb A20 for 1 h at room temperature. After a second wash, the 
wells were incubated with peroxidasc-conjugatcd streptavidin (Dianova) for 1 h 
at room temperature. After a wash, 100 uJ of substrate solution (0.1 M sodium 
citrate buffer [pH 6.0] containing 0.1 jig of 3,3',5,5'-tctramcthylbcnzidinc and 
0.003% H 2 0 2 ) was added to each well. After 10 min, the reaction was stopped 
with 50 uJ of 1 M H 2 S0 4 , and the light absorbancc at 450 nm was measured with 
an automated microplate reader (MWG). Particle titers were determined by 
comparing the absorbance with that obtained for a viral preparation of a known 
titer (measured by electron microscopy) added to the same plate. 

Electron microscopy. Electron microscopy was done at DKFZ, Heidelberg, 
Germany. Iodixanol gradient-purified and PBS-MK-dialyzcd viral particles were 
adsorbed onto Formvar-carbon-coatcd copper grids and negatively stained with 
uranyl acetate. Empty capsids could be recognized as black viral particles, and 
full capsids were recognized as bright particles. Titers were calculated in com- 
parison to a known viral standard. 
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TABLE 1. Capsid formation and natural tropism of the 
AAV2-Z34 capsid mutant virions 



No. of Infectious No. of particles/ml 
Virus genomic titer on A20 4 " EM 

particles/ml HeLa cells* epitope * capsid c 



wtAAV2< / 


5 


X 


10 13 


5 


X 


10 9 


1 x 10 12 


6 


x 10 13 


wt587Z34C / 


2 


X 


10 12 


3 


X 


10 5 


1 x 10 10 


3 


x 10 12 


wt587A9Z34C / 


5 


X 


10 13 


1 


X 


10 6 


1 x 10 11 


7 


x 10 13 


rAAV-GFP 


1 


X 


10 12 


5 


X 


10 7 


ND 




ND 


rAAV-GFP587Z34C c 


5 


X 


io 10 


2 


X 


10 4 


ND 




ND 


rAAV-GFP587A9Z34C ; 


5 


X 


10 1W 


2 


X 


10 4 


ND 




ND 



a Expressed as Rep EFU/ml for preparations with the viral rep gene or as GFP 
EFU/ml for preparations with the GFP transgene. 
b Detection of A20-positive (A20 + ) epitopes by an ELISA. ND, not done. 
c Detection of capsid particles by electron microscopy (EM). 
d Containing the wild-type AAV2 genome. 
e Containing the GFP transgene. 



IgG binding ELISA. The surface expression and functionality of the Z34C 
ligand on viral capsids was measured by an IgG binding ELISA. Serial dilutions 
of viral preparations were used to coat 96-weil plates (Costar) overnight at 4°C 
and were blocked with PBS containing 2% BSA and 0.05% Tween. After a wash 
with PBS, biotinylated rabbit antibody (Dianova) was added (2.5 iig/m\ in PBS, 
100 fxl/well), and the plates were incubated at room temperature for 1 h. De- 
tection of Z34C-bound biotinylated antibody was performed as described above. 

Infection assays and infectious titer determinations. For retargeting infection 
assays, 2 X 10 5 cells were seeded in 48-well plates and irradiated with 70 Gy from 
a 137 Cs gamma irradiation source (GSF, Grosshadern, Germany). Genomic viral 
particles (5 X 10 s ) were incubated with 1 u,g of targeting antibody, protein A 
(final concentration, 10 ^g/m\), rabbit IgG (final concentration, 2 jxg/ml), or 
heparin (final concentration, 100 |xg/ml) for 30 min at room temperature. Cells 
were incubated with virus solution in 300 u.1 of serum-free medium for 60 min at 
37°C in 5% C0 2 and then supplemented with 35 u.1 of serum. After 24 h, the 
infection solution was replaced with 1 ml of serum-containing medium. Titers 
were determined 48 h after infection by counting infected celts by fluorescence 
microscopy. The optimum of 1 u,g of targeting antibody was determined in 
separate dilution experiments (data not shown). Infectious titers of virus stocks 
with the wild-type gene (Rep EFU) were determined by in situ detection of Rep 
protein synthesis in an immunofluorescence assay with anti-Rep antibody or by 
microscopic detection of virus containing a GFP transgene as described before 
(6, 8). 

All transduction experiments were carried out at least three times. 
RESULTS 

Generation of AAV2-Z34C mutants. To retarget AAV2, the 
minimized Z34C protein A binding domain (25) was inserted 
into the cap gene at site 587. Site 587 was shown to accept the 
insertion of a targeting ligand, to express this ligand at the 
capsid surface, and to allow retargeting of AAV2 or rAAV 
vectors (6). The minimized Z34C domain was chosen because 
the size of the insertion at site 587 was limited to approxi- 
mately 30 aa (unpublished data). One insertion at site 587 and 
one insertion in combination with a deletion of 9 aa were used 
in order to reduce the length of the loop predicted at this 
position by a hypothetical AAV surface model (6) (Fig. 1C). 

AAV2-Z34C mutants package the viral genome, express 
Z34C at the capsid surface, and bind immunoglobulins. The 
two AAV2-Z34C mutants (wt587Z34C and wt587A9Z34C) 
were analyzed for their ability to package the viral genome. 
Each mutant could be efficiently packaged (Table 1). When 
analyzed by electron microscopy, both mutants showed a nor- 
mal capsid morphology. However, two to three times more 
empty particles were detected with the mutants than with wild- 
type AAV2 (Fig. 2 and Table 1). To determine whether the 
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FIG. 2. Electron microscopy analysis of AAV2 and AAV2-Z34C mutants. (A) Wild-type AAV2. (B) wt587Z34C. (C) wt587A9Z34C. Empty 
capsids can be recognized as viral capsids with black centers. Titers were calculated in comparison to a known viral standard. 



structures of wt587Z34C and wt587A9Z34C were similar to 
that of wild-type AAV2, we performed an ELISA with MAB 
A20, which specifically reacts with completely assembled 
AAV2 capsids and allows the calculation of wild-type analog 
AAV2 particles (28). A20 reacted with both mutants. Capsid 
titers of >10 n particles/ml were achieved, a value which rep- 
resented only a 5- to 11-fold reduction in the EM:A20" 4 " titer 
ratio compared to that for wild-type AAV2 (Table 1). Because 
the binding of the murine IgGl constant region of A20 to 
Z34C is orders of magnitude less efficient than A20 variable 
region binding to specific viral surface epitopes, a disturbance 
of the A20-positive titer determination could be excluded (data 
not shown). In Western blot analysis, the distribution of VP1, 
VP2, and VP3 proteins in viral capsids was identical to that in 
wild-type AAV2, i.e., 1:1:10 (data not shown). 

The infectivity of AAV2-Z34C mutants for HeLa cells, 
which were used as indicator cells for natural tropism, was 
reduced from 5 X 10 9 Rep EFU/ml (wild-type AAV2) to 3 X 
10 5 Rep EFU/ml (wt587Z34C) and 1 x 10 6 Rep EFU/ml 
(wt587A9Z34C). Analogous results were achieved with recom- 
binant vectors and with GFP as a transgene (Table 1). 

Next, we wished to determine whether Z34C was expressed 
on the capsid surface and whether it was functional. Using an 
ELISA, wild-type AAV2 or AAV2-Z34C particles were di- 
rectly attached to microtiter plates, and the binding of biotin- 
ylated antibodies from different species (human, rabbit, and 
mouse) was measured. With both mutants, specific immuno- 
globulin binding was observed, whereas wild-type AAV2 
showed only weak, nonspecific binding. Figure 3 shows the 
binding of rabbit IgG in a representative experiment. The 
optical density was elevated at least three- to fivefold com- 
pared to that of the controls. Mutant wt587Z34C reacted con- 
siderably stronger with antibodies than wt587A9Z34C, suggest- 
ing that the combination of a 9-aa deletion with the insertion 
of Z34C was not advantageous in terms of immunoglobulin 
binding. Antibodies from other species (human and mouse 
IgG2a-IgG2b and rabbit IgG) bound with comparable affinities 
to both AAV2-Z34C mutants. The same differences in binding 
affinities were observed for the two mutants (data not shown). 

Retargeting of rAAV to distinct hematopoietic cells. To eval- 
uate the retargeting of the rAAV-Z34C mutants, the hemato- 



poietic cell lines M-07e (acute myeloid leukemia with 
megakaryocyte differentiation; M7) (1), Jurkat (T-cell leuke- 
mia), and Mecl (chronic lymphatic leukemia; B-CLL) (24) 
were selected, because previous work had demonstrated that a 
specific and/or efficient transduction of these cells by AAV2- 
derived vectors was difficult (Table 2) (2). The transduction of 
target cells with unmutated rAAV-GFP vectors yielded titers 
of 2 X 10 4 to 2 X 10 5 GFP EFU/ml (Table 2). 

The hematopoietic cell surface receptors CD29 ((3 r inte- 
grin), CD117 (c-kit stem cell factor receptor), and CXCR4 
(coreceptor of human immunodeficiency virus) were chosen as 
potential targeting receptors. For this purpose, we used a 
mouse anti-CD29 MAb (IgG2a; Immunotec), a rabbit poly- 
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100 25 5 1 0,2 0,04 0,008 0,0016 

pi viral preparation 

FIG. 3. Presentation and functionality of the Z34C ligand on 
AAV2 mutants. An ELISA was used to detect the Z34C ligand and its 
immunoglobulin binding affinity. The binding of rabbit IgGl to 
wt587Z34C, wt587A9Z34C, and wild-type AAV2 (wtAAV2) is shown. 
Serial dilutions of viral preparations were used to coat 96-well plates 
overnight at 4°C and were blocked with PBS containing 2% BSA and 
0.05% Tween. After a wash with PBS, biotinylated rabbit antibody was 
added (2.5 |xg/ml in PBS), and the plates were incubated at room 
temperature for 1 h. Detection of Z34C-bound biotinylated antibody 
was performed as described in Material and Methods. Virus volumes 
are shown as titers in Table 1. OD450, optical density at 450 nm. Error 
bars show standard deviations. 
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TABLE 2. Retargeting to M-07e, Jurkat, and Mecl cells by recombinant Z34C mutants and antibodies against CD29, CD117, and CXCR4" 

Titer (GFP EFU/ml) under the following conditions 6 : 
Cells Antibodies Virus — — 









-/-/-/ 


+/-/-/ 


+/+/-/ 


-/+/-/ 


-/-/+/ 


M-07e 


CD117 


rAAV-GFP 

rAAV-GFP587Z34C 

rAAV-GFP587A9Z34C 


2 x 10 5 
<1 
<1 


2 x 10 5 
2X 10 3 
<] 


2x 10 5 
2 X 10 3 
ND 


2 x 10 5 
<1 
ND 


9 x 10 2 
<1 
ND 


Jurkat 


CD29 


rAAV-GFP 

rAAV-GFP587Z34C 

rAAV-GFP587A9Z34C 


2 x 10 4 
<1 
<1 


2 x 10 4 
1 x 10 3 
<1 


2 x 10 4 
1 x 10 3 
ND 


2 x 10 4 
<1 
ND 


<1 
<1 
ND 


Jurkat 


CXCR4 


rAAV-GFP 

rAAV-GFP587Z34C 

rAAV-GFP587A9Z34C 


2 x 10 4 
<1 
<1 


2 x 10 4 
1 x 10 3 
<1 


2 x 10 4 
1 x 10 3 
ND 


2 X 10 4 
<1 
ND 


<1 
<1 
ND 


Mecl 


CD29 


rAAV-GFP 

rAAV-GFP587Z34C 

rAAV-GFP587A9Z34C 


2x 10 5 
<1 
<1 


2 x 10 5 
2 x 10 3 
<1 


2X 10 5 
2 x 10 3 
ND 


2 X 10 5 
<1 
ND 


1 x 10 2 
<1 
ND 


Mecl 


CXCR4 


rAAV-GFP 

rAAV-GFP587Z34C 

rAAV-GFP587A9Z34C 


2 x 10 5 
<1 
<1 


2 x 10 5 

3 x 10 3 
<1 


2 X 10 5 

3 X 10 3 
ND 


2 X 10 5 
<1 
ND 


1 X 10 2 
<1 
ND 


HeLa 


c 


rAAV-GFP 

rAAV-GFP587Z34C 

rAAV-GFP587A9Z34C 


5 x 10 7 
2 x 10 4 
2 X 10 4 


5 X 10 7 
5 X 10 3 
1 X 10 3 


5 x 10 7 
2 x 10 4 
2x 10 4 


5 x 10 7 
2 x 10 4 
2 x 10 4 


8 x 10 2 
<1 
<1 



a Control experiments were done with HeLa cells. 

b Infections were done with (+) or without (-) targeting antibody/inhibitory protein A (10 ^g/ml) or IgG (2 u-g/ml)/AAV tropism-blocking heparin (100 u-g/ml). No 
inhibition of transduction by the retargeting vectors was obtained with heparin. Inhibitory protein A or IgG was used independently and provided the same results. ND, 
not done. 

' : — , identical results were obtained with anti-CD29, anti-CXCR4, and anti-CD117 antibodies. 



clonal anti-CD117 antiserum (ImoGenex), and a rabbit poly- 
clonal anti-CXCR4 antiserum (N terminus specific; Chemi- 
con). The expression of these target receptors on the surface of 
the target cell lines and the binding of the specific antibodies 
were confirmed by fluorescence-activated cell sorting analysis 
prior to testing in retargeting experiments (data not shown). 
All three receptors are known to mediate the uptake of their 
bound ligands and have already been used successfully for 
retargeting of other viruses (13, 32). 

For transduction of hematopoietic cells, rAAV2-Z34C vec- 
tors (with GFP as a transgene) were loaded with the specific 
targeting antibodies and incubated for 24 h with irradiated 
target cells. Cells were analyzed for GFP gene expression 48 h 
after infection by fluorescence microscopy and flow cytometry. 
Specific retargeting was detected with mutant rAAV- 
GFP587Z34C on M-07e, Jurkat, and Mecl cells. Different 
combinations of cells and antibodies against CD29, CD117, 
and CXCR4 were used to correspond to the different expres- 
sion of these receptors on the different cell types, as shown in 
Table 2. Titers were estimated to be as high as 1 x 10 3 to 3 X 
10 3 GFP EFU/ml. No retargeting or infection could be ob- 
served when the virus mutant was used without antibody (<1 
GFP EFU/ml). rAAV2-Z34C transduction was specifically an- 
tibody mediated, because it could be blocked with soluble 
protein A or IgG molecules but not with heparin, which was 
used to block the natural receptor binding site of AAV2 (27). 

Performing infection experiments by binding of virus-anti- 
body complexes and inhibitory molecules at 4°C, washing, and 
shifting to 37°C did not affect or enhance transduction effi- 
ciency. In control experiments, antibodies against the targeted 



receptors did not enhance the infectivity of unmutated AAV2 
vectors themselves (data not shown). No retargeting could be 
detected with mutant rAAV~GFP587A9Z34C. In addition, no 
retargeting was detected with antibodies against CD20, CD21, 
and HLA molecules. Infection of HeLa cells by AAV-Z34C 
mutants was reduced when the virus was loaded with any of the 
antibodies against targeting receptors not expressed on HeLa 
cells. 

As an example, the retargeting and transduction of the B- 
CLL cell line Mecl by the rAAV-GFP587Z34C vector conju- 
gated to the anti-CXCR4 antibody are shown in Fig. 4. No 
transduction could be observed without the antibody (Fig. 4A), 
whereas the addition of the anti-CXCR4 antibody mediated 
specific, heparin-independent transduction of the cells (Fig. 
4B). 

DISCUSSION 

This report presents a new AAV targeting strategy using a 
minimized domain of protein A and various antibodies binding 
to specific cell surface receptors. By insertion of an immuno- 
globulin binding domain into the capsid of AAV2, monoclonal 
or polyclonal antibodies were bound and allowed rAAV2 vec- 
tors expressing the GFP marker gene to be retargeted to spe- 
cific hematopoietic cells. 

The insertion size at AAV2 capsid position 578 is strictly 
limited (unpublished data). Therefore, we had to insert a rel- 
atively small coupling peptide into the AAV2 capsid. One 
possibility was the use of immunoglobulin binding proteins 
recognizing the Fc domain, since this would leave the variable 
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FIG. 4. Transduction of Mecl cells. Infection of Mecl cells by rAAV-GFP587Z34C without (A) or with (B) anti-CXCR4 antibody was 
examined. Light microscopy was done with a confocal integrated GFP immunofluorescence overlay of infected cells. 



domain of the immunoglobulin free for interacting with the 
specific cellular epitopes. Fortunately, a minimized binding 
motif of 5. aureus protein A, Z34C, was described recently 
(25). Although the optimized Z34C domain of protein A shows 
a higher exchange rate, the binding affinity is reduced only 
twofold in comparison to that of the natural B domain. A large 
dimer of the Z domain of protein A was already used success- 
fully for the retargeting of Sindbis virus (15, 16). The insertion 
of the Z34C ligand at position 587 resulted in a relatively 
modest reduction in packaging efficiency in comparison to that 
of the wild-type capsid (Table 1). The reduced packaging ef- 
ficiency of the AAV2-Z34C mutants was explained at least in 
part by the generation of more empty capsids than were ob- 
served with the wild-type AAV2 capsid. This packaging effi- 
ciency also seemed to be affected by the size of the inserted 
ligand, because the combination of the insertion with a 9-aa 
deletion allowed packaging efficiency comparable to that of 
wild-type AAV2 to be maintained. Fortunately, the ligand in- 
sertion at position 587 did not affect the capsid morphology, as 
shown by electron microscopy and an ELISA specific for fully 
assembled capsids. Reduced packaging efficiency of mutants in 
combination with a transgene (GFP) was often observed with 
position 587 mutants (unpublished data). A hypothetical ex- 
planation of this observation is that the capsid stability of the 
position 587 mutants may be decreased. 

Infection of HeLa cells, which was used to indicate the 
natural tropism of AAV2, was reduced up to 4 orders of mag- 
nitude. The explanation for this reduced infection via the wild- 
type AAV2 receptor is most likely disruption of the natural 
receptor binding site by the ligand insertion at position 587 
(29). In heparin binding experiments, the affinity for heparin 
columns is reduced with all position 587 mutants (data not 
shown). However, in order to fully eliminate the natural host 



tropism, additional modifications of the viral capsid may be 
necessary. Infectivity for HeLa cells was reduced when Z34C 
mutants were loaded with targeting antibodies whose receptors 
were not expressed on HeLa cells. Epitopes on the viral capsid 
essential for natural receptor interactions probably were cov- 
ered by the bound antibodies. 

The insertion of Z34C at position 587 allowed functional 
expression of the immunoglobulin binding domain on the cap- 
sid surface. Both mutants wt587Z34C and wt587A9Z34C 
showed significant immunoglobulin binding. When added at 
comparable titers, wt587Z34C showed more effective antibody 
binding than wt587A9Z34C. Most likely, the reduced efficiency 
of antibody binding explained the failure of mutant 
wt587A9Z34C to transduce cells specifically. 

The infection was specifically antibody mediated. No trans- 
duction could be detected with mutant rAAV2-GFP587Z34C 
without antibody, whereas the targeted infection could be 
blocked with soluble protein A or IgG molecules. In addition, 
no inhibition of transduction by the retargeting vectors was 
obtained with heparin, which blocks the natural receptor bind- 
ing site of AAV2 (27). This result demonstrated that the in- 
teraction of the AAV2-Z34C mutants with the natural AAV 
receptor was not essential for infection or transduction and 
proved the altered infection profile and independence for 
HSPG (retargeting) (30). Although the transduction efficiency 
was reduced in comparison to that of the wild-type AAV2 
capsid, the specificity of transduction was highly increased and 
could be targeted to specific receptors expressed on hemato- 
poietic cells. This study provides the first demonstration that 
rAAV vectors can be targeted to specific cell receptors by use 
of a universal targeting approach. 

Until now, targeting of viral vectors to hematopoietic cells 
has been tried by using retroviruses with short ligands or an- 
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tibody single-chain fragments inserted into the virus envelope 
(21). Engelstadter et al, who transduced Jurkat cells with a 
retrovirus targeted with antibody domains from a phage dis- 
play library (5), achieved titers of up to 3 X 10 5 EFU/ml. The 
protein A targeting strategy used by Ohno et al. with the Z 
domain and Sindbis virus resulted in infectious titers of up to 
2 X 10 5 infectious particles per ml with antibodies against 
CD4-positive cells (15, 16). 

Different strategies were used in two recent studies to retar- 
get AAV2 to hematopoietic cells. Yang et al. added the single- 
chain fragment variable region of an anti-CD34 MAb to the N 
terminus of the VP2 capsid protein (33). Although they ob- 
tained retargeted AAV2 virions, they achieved only low titers 
of up to 4 X 10 2 infectious virions per ml. A single-chain 
fragment variable region- VP2 fusion protein was used. Non- 
mutated capsid proteins were needed for virus assembly. This 
procedure made the composition of the viral capsid unpredict- 
able. Another approach to retargeting of AAV2 is the use of 
bispecific antibodies recognizing the AAV2 capsid (through 
one Fab arm) and the alternative target cell surface receptor 
(through the other Fab arm) (2). This strategy allowed the 
transduction of the megakaryocyte leukemia cell line M-07e 
via the vector-bispecific antibody complex. However, it remains 
difficult and time-consuming to establish new bispecific anti- 
bodies for each cell type and targeting approach. 

Recently, several groups tried to characterize the AAV2 
capsid by random insertional mutagenesis or antibody epitope 
mapping (14, 19, 20, 30). Although these studies provided 
important insights into potential receptor binding sites and 
confirmed the relevance of position 587 as a virus receptor 
binding site (6, 29), no cell-type-specific retargeting was 
achieved. The results of this study may be a first step toward 
specific retargeting of rAAV2 to hematopoietic cells. Another 
practical application of this system may be the ability to rapidly 
and efficiently purify the rAAV587Z34C capsid on an affinity 
column. The insertion of immunoglobulin binding domains 
into the AAV2 capsid may provide a fast and universal target- 
ing strategy for AAV2 vectors, in particular, for ex vivo gene 
transfer into hematopoietic cells. With these vectors, it may be 
possible to transduce specific hematopoietic cells. In addition, 
we will test different strategies for covalent coupling of anti- 
bodies to the viral capsid in order to use this system for an in 
vivo approach in the future. In addition, we will characterize 
the uptake mechanism for these specific targeting constructs by 
single virus tracing (23). 

Taken together, this study provides the first demonstration 
that rAAV vectors can be targeted to specific cell surface 
receptors by use of a universal targeting approach with immu- 
noglobulin binding domains. Given this proof of principle, our 
group is currently testing additional capsid mutants and immu- 
noglobulin binding domains in order to combine high targeting 
specificity with higher transduction efficiency. 
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The human parvovirus adeno-associated virus type 2 (AAV-2) possesses many features that make it 
an attractive vector for gene delivery in vivo. However, its broad host range may limit its usefulness 
and effectivity in several gene therapy applications in which transgene expression needs to be 
limited to a specific organ or cell type. In this study, we explored the possibility of directing 
recombinant AAV-2 transduction by incorporating targeting peptides previously isolated by in vivo 
phage display. Two putative loops within the AAV-2 capsid were examined as sites for incorpora- 
tion of peptides. We tested the effects of deleting these loops and different strategies for the 
incorporation of several targeting peptides. The tumor-targeting sequence NGRAHA and a Myc 
epitope control were incorporated either as insertions or as replacements of the original capsid 
sequence. Viruses were assessed for packaging, accessibility of incorporated peptides, heparin 
binding, and transduction in a range of cell lines. Whereas recombinant viruses containing mutant 
capsid proteins were produced efficiently, transduction of several cell lines was significantly 
impaired for most modifications. However, certain mutants containing the peptide motif NGR, 
which binds CD13 (a receptor expressed in angiogenic vasculature and in many tumor cell lines), 
displayed an altered tropism toward cells expressing this receptor. Based on this work and previous 
studies, possible strategies for achieving in vivo targeting of recombinant AAV-2 are discussed. 



Introduction 

Adeno-associated virus type 2 (AAV-2) is a human parvo- 
virus being developed into a promising delivery system 
for gene therapy applications. Recombinant adeno-asso- 
ciated virus (rAAV) vectors possess a number of attractive 
features, including lack of pathogenicity, ability to trans- 
duce both dividing and nondividing cells, and long-term 
transgene expression in vitro and in vivo (reviewed in 1 , 2) . 
rAAV vectors have been used to achieve expression of a 
large number of genes in a variety of cells and organs, 
including muscle, liver, brain, and lung (3-6). The wide 
host range of AAV may prove to be disadvantageous for 
systemic gene therapy, since it will result in transduction 
and possibly integration of the recombinant genome in 
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unwanted cells and tissues. The ability to redirect rAAV 
infectivity and host range will circumvent these problems 
and may also enable the administration of lower doses of 
vector. Certain tissues and cell types are naturally resis- 
tant to rAAV transduction. These include human leuke- 
mia cell lines, airway epithelia, and CD34 + cells (7-11). 
This may be due to the absence of receptors for AAV or 
other intracellular factors involved in infection. Heparan 
sulfate proteoglycan has been reported to be the primary 
attachment receptor for AAV-2 (12). In addition, human 
fibroblast growth factor receptor 1 (FGFR-1) and a v p 5 
integrin have been proposed to act as secondary receptors 
(13, 14). Following receptor binding, AAV-2 particles en- 
ter the cell via receptor-mediated endocytosis through 
clathrin-coated pits, and dynamin is also involved in 
AAV-2 trafficking through the cytoplasm via microfila- 
ments and microtubules (15-17). Most of the virus parti- 
cles accumulate in a perinuclear pattern, with a slow entry 
of intact virions into the nucleus (17-19). 

AAV particles have a diameter of 20-25 nm and contain 
a single-stranded genome of approximately 4700 nucleo- 
tides (20-22). The genome contains two open reading 
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frames, designated rep and cap, flanked by inverted termi- 
nal repeats which contain all the cis requirements for 
replication and packaging (23). Using alternate splicing 
and different translational initiation codons the virus 
generates three structural proteins, VP1, VP2, and VP3, 
from the cap gene (24). The small icosahedral capsid is 
composed of 60 subunits with a relative stoichiometry of 
1:1:10 for VP1, VP2, and VP3. Although the three-dimen- 
sional structure of the AAV capsid has not yet been deter- 
mined, those of some related parvoviruses have been 
solved by X-ray crystallography. The atomic structures are 
known for canine parvovirus (CPV) (25), feline panleuko- 
penia virus (26), minute virus of mice (27), and the hu- 
man parvovirus B19 (28). Parvoviral capsids contain a 
core structure comprising an eight-stranded p-barrel mo- 
tif, similar to other icosahedral viruses. Between several 
strands of the (3-barrel are large insertions that make up 
the majority of the capsid's surfaces. The surface features 
of the CPV capsid include a hollow cylinder at the fivefold 
axis of symmetry which is surrounded by a circular de- 
pression (canyon), a prominent protrusion at the three- 
fold axis of symmetry (threefold spike), and a depression 
(dimple), spanning the twofold axis of symmetry. Align- 
ments of parvoviral capsids reveal a high sequence con- 
servation in the strands which make up the p-barrel motif 
(29). In contrast, sequence homologies in regions that 
code for the surface of the capsid are lower, consistent 
with an involvement in determining the different viral 
host ranges. Despite a divergence in sequence, antigenic 
sites are often located in analogous regions. Recently, 
several antigenic regions of AAV-2 have been mapped (30, 
31) and their involvement in AAV-2-cell interaction and 
neutralization of AAV-2 infection was studied. Based on 
sequence alignments, most antigenic peptides in AAV 
correspond to similarly exposed regions in the different 
parvoviruses and they putatively map to the cylinder, the 
threefold spike loop, and the region between the twofold 
depression and the threefold spike (30, 31). 

Strategies currently being explored for targeting viral 
vectors include bispecific conjugates and genetically mod- 
ified capsids. Both of these approaches have recently been 
adapted for rAAV vectors (reviewed in 31a). In one study 
bispecific antibodies recognizing the AAV-2 viral capsid 
and a specific cell surface receptor were employed to re- 
target AAV-2 to human megakaryocytes that were non- 
permissive for normal AAV infection (9). The use of bispe- 
cific conjugates is not always amenable to scale-up for 
clinical production and they also suffer from instability in 
vivo. Therefore a more attractive approach to vector retar- 
geting is the genetic incorporation of targeting peptides 
into the rAAV capsid. The first attempt at expanding the 
tropism of AAV fused the single-chain variable fragment 
of a monoclonal antibody against human CD34 protein 
onto the N-terminus of the VP2 capsid protein and dem- 
onstrated improved infectivity of hematopoietic progen- 
itor cells (32). Several recent reports have begun to address 
structural features of AAV capsids in order to identify sites 
amenable to incorporation of peptides. One study sug- 
gested six possible sites in the AAV capsid that were pre- 



dicted to be within surface loops (33). A 14-amino-acid 
targeting peptide (LI 4) containing an RGD sequence was 
inserted into these sites and virus was produced. In three 
mutants the peptide was exposed on the capsid surface 
and one of these showed preferential transduction of in- 
tegrin-expressing cells. Rabinowitz et al. employed linker 
insertional mutagenesis to place small peptide sequences 
(three to five amino acids) randomly across the entire 
capsid coding region (34). Mutants fell into three pheno- 
typic groups, depending on their ability to assemble cap- 
sids, package DNA, and transduce cells. Recently, Wu etal. 
reported a broad mutational analysis of the AAV-2 capsid 
that identified several sites amenable to the incorporation 
of peptides (35). They also identified regions involved in 
heparin binding and were able to demonstrate altered 
tropism of viruses engineered to contain the serpin recep- 
tor ligand. It has been shown that the accessibility of 
incorporated peptides can also be affected by the compo- 
sition of flanking residues 0- Bartlett, personal communi- 
cation). 

A combination of two important parameters will deter- 
mine the success of genetically modified capsids for retar- 
geting viral vectors in vivo. The first decision is to choose 
the location for insertions. The site must be such that (i) 
assembly and packaging of the virus capsid are not af- 
fected and (ii) peptides must be exposed on the surface of 
the virus. The second parameter is the choice of targeting 
peptide. In order for a rAAV vector to be directed to a 
specific tissue following intravenous administration it 
will require (i) that its natural tropism be diminished and 
(ii) that it contains a ligand that will recognize a receptor 
accessible through the circulation and selectively ex- 
pressed in the organ or tissue of interest. The versatility of 
phage display technology has made it possible to screen 
for targeting peptides in vivo. The screening process in- 
volves injecting a phage library into an experimental an- 
imal and rescuing phage from the desired target by infect- 
ing host bacteria with tissue extract. Repeated selection 
yields phage that home preferentially to the target tissue 
(36, 37). Thus far, this method has been used to explore 
the vascular specificity of various peptides after their in- 
travenous injection into mice and rats. Peptides capable 
of homing to the vasculature of organs and tumor tissues 
have been identified in this manner, attesting to the 
power of the method (36-38). Peptides targeting selective 
markers in the vasculature of specific organs or tissues are 
therefore attractive for incorporation into recombinant 
viral vectors for targeted gene delivery. 

In this study we have explored genetic modification of 
the AAV-2 capsid by introducing a peptide motif, NGR, 
which targets a receptor, CD 13 (39), that is specifically 
upregulated in angiogenic vasculature. CD 13 is a key reg- 
ulator of angiogenesis and functions as a vascular receptor 
for the NGR motif in activated blood vessels (39). The 
NGR motif has been successfully employed to enhance 
the antitumor properties of doxorubicin and tumor ne- 
crosis factor (TNF) (38, 40). Based on sequence homolo- 
gies and on the results of previous studies, we chose two 
sites corresponding to CPV loops 3 and 4 (25). We eval- 
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uated the impact of deletions, replacements, and inser- 
tions within these loops. We inserted sequences coding 
for the motif NGR (38, 39), other organ-homing peptides 
(36, 37, 41), or a Myc epitope tag. Recombinant AAV 
vectors expressing reporter genes were generated with 
modified Cap proteins and analyzed for virus production, 
heparin binding, and transduction assays. We show by 
immunoprecipitation of epitope-tagged virions that these 
loops are presented on the surface of the capsid, although 
the degree of accessibility varied. Deletions, modifica- 
tions, or insertions within the loops did not affect virus 
production. Deletion and large insertions at one of the 
loops abolished heparin binding. Transduction of several 
cell lines was significantly impaired for most deletions, 
mutations, and insertions. However, several mutants con- 
taining the NGR peptide displayed an altered tropism 
toward cells expressing CD 13. These results are discussed 
in light of recently reported data, to suggest strategies for 
the incorporation of targeting peptides for systemic gene 
therapy. 

Materials and Methods 

Plasmids. Plasmid pXX2 (42) was used as a template for the construction of 
all modified capsids. Plasmids with deletions of the loop regions (pXX2- 
ALooplII and -ALoopIV) were generated by elongation PCR, introducing 
novel MM and Spel sites as shown in Fig. 2. The restriction sites were 
designed to allow for the in-frame insertion of oligonucleotides coding for 
foreign epitopes. All replacements and insertions were generated from 
these plasmids, except for insertions at the 588 site, which were cloned 
using a novel Spel site introduced at nucleotide 3967 of AAV2 (GenBank 
Accession No. AF043303). All mutated plasmids were sequenced using an 
automated ABI Prism DNA sequencer 377 (PE Biosystems, Foster City, CA). 
Plasmid pXX6 supplies the adenovirus helper proteins for rAAV produc- 
tion (43) and pAAV-GFP contains a recombinant AAV genome with the 
green fluorescent protein flanked by viral inverted terminal repeats and 
expressed from a cytomegalovirus promoter. 

Cell culture, transfection, and virus production. All cell lines were main- 
tained in Dulbecco's modified Eagle's medium supplemented with 10% 
fetal bovine serum (FBS). Transfections were performed by calcium phos- 
phate precipitation according to standard protocols and repeated multiple 
times. To produce rAAV with mutant capsid proteins, we transfected 293T 
cells with three plasmids: pXX2, which supplied wild-type or mutant 
capsid proteins; pXX6, which contained the adenovirus helper functions; 
and pAAV-GFP. For virus production 5 x 15-cm plates were transfected 
each with 6 jig pXX2. 25 \ig pXX6, and 19 |xg pAAV-GFP and incubated at 
37°C for 72 h. Virus was purified using iodixanol gradients as described 
elsewhere (44). Wild-type adenovirus type 5 (Ad 5) used for titration of 
transduction was propagated in 293 cells and purified by sequential 
rounds of ultracentrifugation in CsCl gradients. Titers of Ad5 were deter- 
mined by plaque assays on 293 cells. 

Virus titers, transduction assays, and FACS analysis. The titer of rAAV 
genome-containing particles per milliliter was determined by real-time 
PCR using SYBR Green I double-stranded DNA binding dye and an ABI 
Prism 7700 Sequence Detection System (PE Biosystems). Samples were 
prepared as previously described (45). The following primers were chosen 
to amplify eGFP: Fl, CTGCTGCCCGACAACCA, and R2, CCATGT- 
GATCGCGCTTCTC) . 

To assess transduction, cells grown in 2 4 -well dishes were infected with 
rAAV (100-10,000 genomes/cell) and Ad5 (5 plaque forming units/cell) in 
fresh medium with 10% FBS. Ad5 co-infection was used to maximize 
transduction by rAAV by enhancement of second-strand synthesis as 
previously reported (54). Transduction by rAAV-GFP was determined by 
counting green cells using an Axiovert25 microscope (Carl Zeiss, Thorn- 
wood, NY) equipped with an OSRAM HBO mercury short arc lamp micro- 
scope or by FACS analysis using a Becton-Dickinson FACScan (San Jose, 



CA) with a 488-nm laser excitation. Transduction was measured 24-48 h 
following infection. Cells were photographed using a Nikon (Garden City, 
NY) microscope in conjunction with a charge-coupled device camera 
(Cooke Sensicam; Cooke Corp., Tonawanda, NY) and images were cap- 
tured using SlideBook (Intelligent Imaging Innovation. Denver, CO). All 
transduction experiments were repeated at least three times. Expression of 
CD 13 was measured by FACS using the antibody WM1 5 (Pharmingen, San 
Diego, CA) . Each cell type was gated based on the fluorescence obtained 
when incubated with mouse IgG antibody. Mouse anti-pl integrin. clone 
P4C10 (Life Technologies, Rockville, MD), was used as a positive control 
(100% gated). 

Gel electrophoresis, Western blotting, immunoprecipitations, and heparin 
binding assays. An equal number of purified rAAV-GFP virions (10° ge- 
nome-containing particles) were separated on 8% SDS-polyacrylamide 
gels and Western blotting was performed to detect capsid proteins. In all 
cases proteins were detected by enhanced chemiluminescence (NEN, Bos- 
ton, MA, and Amersham, Buckinghamshire, UK) according to the manu- 
facturer's instructions. AAV capsid proteins were detected with mAb Bl 
(American Research Products (ARP), Belmont, MA). Immunoprecipitations 
were performed from iodixanol-purified rAAV. Equivalent amounts of 
purified virus (10 10 genome-containing particles) were precleared with 
protein G-Sepharose (Amersham/Pharmacia, Piscataway, NJ) for 1 h at 4°C 
in RIPA buffer (20 mM Tris, pH 8.0, 100 mM NaCl, 0.2% NP-40. 0.2% 
Triton X-100, and 0.2% deoxycholate). Samples were centrifuged and the 
supernatants containing the rAAV particles were incubated at 4°C over- 
night with antibodies A20 (ARP). A69 (ARP), or anti-Myc (Invitrogen, 
Carlsbad, CA) or a control antibody. Samples were washed four times in 
RIPA buffer. After being washed, pellets were boiled for 5 min in SDS- 
PAGE loading buffer. Proteins were separated on 8% SDS-polyacrylamide 
gels and capsid proteins detected by Western blotting with the Bl anti- 
body. 

Viruses with wild-type virions and deletions, insertions, or replacements 
(10 10 genome-containing particles) were bound to 100 ^1 heparin agarose 
(Sigma, St. Louis, MO) in binding/washing buffer (20 mM Tris, pH 7,6, 150 
mM NaCl, and 1 mM MgCl 2 ) for 1 h at 4°C. After six washes, bound virus 
was eluted with elution buffer (20 mM Tris, pH 7.6, 1 M NaCl). The 
fractions were detected by Western blotting using the Bl antibody. 

Results 

Alignments of Parvovirus Cap Proteins 

In order to identify suitable sites for insertion of targeting 
peptides, we aligned the amino acid sequences of several 
parvoviruses. We performed sequence alignments using 
the MacVector software package (Oxford Molecular 
Group, UK) and included recently reported sequences for 
AAV serotypes 1, 3, 5, and 6 (46-50), Antigenic sequences 
of AAV-2 are aligned to the corresponding regions of CPV 
in Fig. 1 and are shown as four domains, I, II, III, and IV, 
which contain loops 1-4 of CPV (25). We have marked on 
these alignments peptides previously identified as anti- 
genic sites (see boxes 1-14). 

An antigenic region in domain I of CPV (box 3) is the 
target of neutralizing antibodies (51, 52). Interestingly, a 
nonconserved amino acid sequence of B19, which is also 
the target for neutralizing antibodies (box 2) maps to the 
same site (53). A peptide containing sequences of AAV-2 
which partially overlap with loop 1 of CPV based on 
sequence alignments has been shown to inhibit the bind- 
ing of neutralizing antibodies to AAV in an ELISA (31). A 
minor component of the epitope recognized by the 
monoclonal antibody A20 (box 4) also aligns within this 
region (30), but this antibody does not inhibit cell bind- 
ing. Mutations in either of these two epitopes have been 
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FIG. 1. Homology alignments of parvovirus Cap proteins. (A) The amino acid sequences of the capsid proteins of AAV-2, Genpept Accession No. (GP No.) 
2906023; goose parvovirus (GPV), 9628653; B19, GP No. 4092542; minute virus of mice (MVM), GP No. 2982110; feline panleukopenia virus (FPV), GP No. 
494031; and canine parvovirus (CPV), GP No. 494746, were aligned using the ClustalW alignment tool of the software program MacVector (Oxford Molecular 
Group, London). The alignments are shown for four domains (I— IV) within the capsid protein, which contain the antigenic loops of CPV. Identical sequences (dark 
blue) and similar sequences (light blue) are highlighted. Antigenic regions within the loops are enclosed by boxes that are numbered to the right (see text for 
details and references). Published mutations and their corresponding sites are indicated and part of the ^-barrel is shown with a horizontal arrow. Sites of 
insertions are marked with an arrow (33), filled arrowhead (34), and open arrowhead (35). Numbering of mutations and sites match the corresponding papers. 
(B) Alignments of putative Loops III and IV of the AAV serotypes. The sequences of AAV serotypes 2, 1, 3, 4, and 5 are aligned, and regions modified in this study 
are shown enclosed by dashed boxes. 



shown to severely impair transduction or destabilize the 
AAV capsid (35). A second major antigenic site of CPV lies 
within domain II (box 6) (25). An AAV-2 peptide (box 5) 
sequence forms an epitope, in conjunction with the pep- 
tide A-20 in domain I (box 4), that is recognized by a 
monoclonal neutralizing antibody. Taken together, these 
results imply that domains I and II are in close proximity 
in AAV-2. Moreover, the inability of the antibody that 
recognizes this region to inhibit receptor binding suggests 
that this region in AAV-2 is not involved in receptor 
recognition, but may have an important function in a 
later event in the infectious pathway. These putative loop 
regions are also well conserved between the different AAV 
serotypes (50). Therefore, it seems unlikely that insertion 
of targeting peptides at these loops would lead to targeted 
AAV transduction. 
Several residues in antigenic loop 3 of CPV and the 



corresponding residues in related parvoviruses have been 
shown to be involved in viral tropism. One of the major 
neutralizing epitopes in CPV (box 8) is in the extended 
portion of loop 3 on the shoulder of the threefold spike 
(51). The AAV-2 sequence that aligns to this region (box 
1 1) is also able to bind neutralizing antibodies; however, 
its involvement in receptor attachment is still not clear 
(31). All AAVs except serotype 5 contain an insertion at 
this site compared to other parvoviruses (Figs. 1A and IB). 
Two monoclonal antibodies against AAV-2 recognize ad- 
ditional epitopes within domain III (boxes 9 and 10). 
Moreover, two charge-to-alanine mutations in this region 
resulted in the production of viruses defective in trans- 
duction (35). Rabinowitz etal. found that small insertions 
in this region also resulted in decreased transduction (34). 
However, insertion of the LI 4 peptide at residue 447 of 
the AAV-2 capsid protein resulted in exposure on the 
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surface of the capsid and increased binding to cells ex- 
pressing integrins, but this virus did not retarget transduc- 
tion. 

Domain IV of AAV-2 contains two sequences which 
have been mapped as targets of neutralizing antibodies 
{boxes 11 and 14). Mutations in one of these epitopes 
resulted in an inability to assemble capsids (35). Muta- 
tions and insertions have also shown the involvement of 
an adjacent site (box 12) in heparin binding. Although 
both regions are variable between AAV serotypes (50), Fig. 
IB shows that domain IV is more conserved. Based on the 
sequence alignments and previous findings, we decided to 
analyze different strategies for the incorporation of organ- 
targeting peptides into putative loops within domains III 
and IV of AAV-2. We have designated these Loop III and 
Loop IV (dotted boxes 7 and 12). 

Effects of Deletions within Putative Loops III and IV 
of AAV-2 

We first asked whether predicted Loops III and IV were 
essential for virus assembly and packaging by making dele- 
tions within these regions. Mutant plasmids were generated 
to encode capsid proteins with deletions of 7 or 6 amino 
acids within Loop III and Loop IV, respectively (Fig. 2A). 
These constructs were transfected together with a vector 
plasmid (pAAV-GFP) and an adenovirus helper plasmid 
(pXX6) into 293 cells to generate the mutant viruses rAAV- 
GFP-AIII and rAAV-GFP-AIV. Viruses were purified by io- 
dixanol gradient ultracentrifugation and the amount of ge- 
nome-containing particles was assessed by real-time PCR. 
The number of genome-containing particles for the viruses 
with the mutated Cap proteins was similar to that of those 
generated with wild-type Cap proteins (Fig. 2B). The protein 
composition of virions was determined by Western blotting 
of proteins from virus preparations having equivalent num- 
bers of genome-containing virions. The stoichiometry of the 
three Cap proteins was similar to that of wild-type capsids. 
The ability of the viruses to transduce target cells was as- 
sessed by FACS analysis and fluorescence microscopy. As can 
be seen in Fig. 2C, transduction of 293 cells was significantly 
impaired for viruses with deletions in Loop III or IV, com- 
pared to virus generated with wild-type Cap proteins. These 
data suggest that the deleted portions of Loops III and IV are 
not essential for assembly or packaging of rAAV virions but 
that they have important roles in transduction. 
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FIG. 2. Effects of deletions within putative Loops III and IV of AAV-2. (A) 
Constructs were generated with deletions in putative Loops III and IV. Sites of 
restriction enzymes Spel and MIlA used for cloning oligonucleotides are indi- 
cated. Sequences conserved between AAV serotypes are highlighted. Mutation 
of a single residue (Q), marked with an asterisk, prevented efficient transduc- 
tion (see text for details). Enclosed boxes marked regions deleted. (B) Effect of 
deletions on number of genome-containing particles. Recombinant viruses 
with wild-type or mutant capsids were generated by transfections and purified 
by iodixanol gradients. Purified genome-containing rAAV vectors were quan- 
tified by real-time PCR against plasmid standards and are represented as 
genome-containing particles/ml (g.p./ml). (C) Virion composition of purified 
capsids. After iodixanol gradient purification an equal quantity of genome- 
containing virions as determined by real-time PCR (10 9 genomes) was ana- 
lyzed by Western blotting with antibody B1. The positions of the capsid 
proteins VP1, VP2, and VP3 are indicated. (D) Deletions in Loops III and IV of 
AAV Cap proteins impair rAAV transduction. Transduction of 293 cells infected 
with rAAV-GFP at an m.o.i. of 1000 genomes/cell in the presence of Ad5 
(m.o.i. 5 pfu) was assessed after 24-48 h by analyzing GFP expression by FACS 
analysis (left) or fluorescence (right). 



Accessibility of Replacements or Insertions at Loops III 
and IV 

Having shown that Loops III and IV were nonessential 
for assembly and packaging of AAV capsids we next as- 
sessed whether heterologous peptides inserted at these 
locations were presented on the surface of the virion. We 
first replaced the natural sequences of the loops with 
oligonucleotides encoding a Myc epitope. In addition to 
replacements of deleted sequences, we also selected two 
sites within Loops III and IV for insertion of targeting 
peptides. One of these sites was at amino acid 449 within 



Loop III and the second was at amino acid 588, which is 
in predicted Loop IV. The positions of these sites imposed 
on the CPV structure crystal structure are shown in Fig. 
3A. Loop III is present in an extended conformation pro- 
truding from the virus, while Loop IV is in a pocket 
conformation, consistent with its putative function as a 
receptor anchor. These sites are similar but not identical 
to those recently used by others (33, 35). 

In order for these sites to be useful in retargeting AAV 
vectors, it is necessary for inserted peptides to be presented 
on the surface of the virion. To determine the relative ac- 
cessibility of peptides at these sites, we assessed the ability of 
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FIG. 3. Insertions or replacements in Loops III and IV are exposed on the capsid surface. (A) The positions of antigenic Loops III (green) and IV (blue) are shown 
as filled dots on the structure of the CPV Cap protein. (B) A peptide encoding the Myc epitope tag either replaced Loops III or IV or was inserted at residues 449 
and 588. Sequences conserved between AAV serotypes are highlighted. (C) The accessibility of the Myc epitope in the fully assembled capsid was assessed by 
immunoprecipitation, followed by Western blotting. For each construct rAAV-GFP was generated by transfection and particles purified by iodixanol gradients. 
Similar numbers of genome-containing particles (10 10 ) were immunoprecipitated using antibodies that recognize intact AAV viral particles (A20), the Myc 
epitope, or VP2 capsid proteins (A69). Immunoprecipitated proteins were detected with an anti-Cap antibody (B1). The positions of VP1 , VP2, and VP3 are 
indicated. 



an anti-Myc antibody to immunoprecipitate epitope-tagged 
capsids (Fig. 3). Constructs for the mutant viruses were 
transfected into 293 cells together with the rAAV-GFP vector 
plasmid and the adenovirus helper plasmid. Cells were har- 
vested and rAAV was purified by iodixanol gradients. The 
number of genome-containing particles was assessed by 
real-time PCR. Equal numbers of particles (10 10 genome- 
containing particles) were immunoprecipitated using anti- 
bodies that recognize either intact AAV viral particles (A20) 
or the Myc epitope (Fig. 3C). Western blotting with an 
anti-Cap antibody (Bl) demonstrated that the A20 antibody 
could isolate wild-type and mutant virions with equal effi- 
ciency. Control wild-type virus was not precipitated with 
the Myc antibody. In contrast, the Myc antibody was able to 
capture capsids containing the Myc epitope in Loops III and 
IV. The efficiency of capsid precipitation by the Myc anti- 
body was higher for the insertions (rAAV-449Myc and 
rAAV-588Myc) compared to the loop replacements (rAAV- 
AIII-Myc or rAAV- AIV-Myc) . We confirmed that the differ- 
ences between viruses did not reflect immunoprecipitation 
of unassembled soluble proteins, by using an antibody to 



VP2 that also recognizes nonassembled Cap proteins (A69). 
Using this antibody similar levels of Cap proteins were de- 
tected with all viruses. No virus Cap proteins were detected 
using an antibody against a cellular protein as a negative 
control (data not shown). These experiments demonstrated 
that in most cases the Myc epitope was accessible to the 
antibody and was therefore presented on the surface of the 
assembled virions. These data confirm the findings of Girod 
et al and Wu et al (33, 35), who demonstrated surface 
exposure of the L 14 peptide and HA tag, respectively, when 
inserted at adjacent sites. These results also highlight possi- 
ble differences in the exposure of epitopes when present as 
replacements compared to insertions. 

Effects of Replacing or Inserting Targeting Peptides 
into Putative Loop III or IV of AAV -2 

Having established that sequences could be mutated or 
inserted in the putative Loops III and IV, we sought to 
assess the effects of incorporating targeting peptides at 
these sites. The tripeptide asparagine-glycine-arginine 
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FIG. 4. Effects of replacements or insertions within the putative loops. Effects of loop replacements (A) or peptide insertions (B) on vector titers. Purified viruses 
were quantified by real-time PCR against plasmid standards and are represented as genome-containing particles/ml (g.p./ml) (left). Virion composition of 
wild-type and mutant viruses after iodixanol purification was assessed by Western blotting (center). Equal quantities of purified virions as determined by real-time 
PCR (10 9 genomes) were subjected to SDS-PAGE and Cap proteins detected by Western blotting with antibody B1 . Replacements and insertions within regions 
of Loops III and IV of the AAV Cap impair rAAV transduction (right). Transduction of 293 cells infected with rAAV-GFP at an m.o.i. of 1000 in the presence of 
Ad5 (m.o.i. 5 pfu/cell) for 24-48 h was quantified by FACS analysis. Presented are transductions relative to wild-type capsids. 



(NGR) was isolated using the in vivo phage selection sys- 
tem in which peptides capable of homing to tumor an- 
giogenic vasculature were recovered from phage libraries. 
Peptides containing an NGR motif bind selectively to 
CD 13 in vivo in tumor- and hypoxia-activated blood ves- 
sels (39). Oligonucleotides encoding this sequence were 
cloned into the putative loops, either as replacements of 
the original sequence or as insertions. Recombinant vi- 
ruses for the replacements (rAAV-AIII-NGR or rAAV-AIV- 
NGR) or insertions (rAAV-449NGR and rAAV-588NGR) 
were generated by transfections and purified by iodixanol 
gradients. Control viruses contained the Myc epitope as a 
replacement (rAAV-AIII-Myc or rAAV-AIV-Myc) or inser- 
tion (rAAV-449Myc and rAAV-588Myc) at the same sites. 
The numbers of genome-containing particles were deter- 
mined by real-time PCR and in all cases they were com- 
parable to those obtained with wild-type capsid proteins 
(Fig. 4). The stoichiometry of these purified capsids was 
determined by Western blotting with a Cap antibody and 
remained the same with all modified capsids. 



First, we tested the ability of the engineered viruses 
containing replacements or insertions to transduce 293T 
cells. Cells were transduced with 1000 genome-contain- 
ing particles of rAAV per cell in the presence of adenovirus 
co-infection to maximize transduction (54). Despite their 
ability to assemble and package AAV particles, these mu- 
tant viruses were significantly impaired for transduction 
in 293T cells, with efficiencies ranging from 0.5 to 15% of 
wild-type (Fig. 4). Transduction was most severely im- 
paired for viruses that contained the Myc epitope in Loop 
IV, either as a replacement or as an additional insertion. A 
titration of infections over a range of m.o.i. revealed that 
regardless of the amount of particles used, rAAV-AIV-Myc 
and rAAV-588Myc were unable to achieve more than 
0.5% the transduction efficiency of wild-type virions 
(data not shown). These results confirm that targeting 
peptides can be inserted into the putative loops without 
affecting assembly and packaging but transduction is im- 
paired. 
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FIG. 5. Analysis of WT and mutant capsid virus binding to heparin, lodixanol gradient-purified rAAV viruses were bound to heparin agarose for 1 h at 4°C. After 
extensive washing, bound virus was eluted with 1 M NaCI. The fractions were separated on SDS-8% acrylamide gels and analyzed by Western blotting using 
the B1 antibody. Shown are 5% of input virus (I), 5% of the unbound fraction (UB), and 20% of the eluted fraction (E). The positions of VP1, VP2, and VP3 are 
indicated. 



Heparin Binding of AAV Capsids Containing 
Heterologous Peptide Sequences 

One possible cause for the reduced infectivity of rAAV 
mutants containing foreign epitopes could be their inabil- 
ity to bind the viral cell surface receptors. A primary 
receptor for AAV-2 has been reported to be heparan sul- 
fate proteoglycan (12). To test whether viruses with mu- 
tant capsids could bind heparin, we performed heparin 
batch binding experiments and detected the viruses by 
Western blotting using the Bl antibody (Fig. 5). Recom- 
binant viruses purified by iodixanol gradient centrifuga- 
tion were bound to heparin agarose for 1 h at 4°C. Fol- 
lowing incubation of the viruses with heparin agarose, 
the unbound fraction was removed. After extensive wash- 
ing of the heparin agarose, viruses were eluted in 1 M 
NaCI. As expected, viruses containing a wild-type capsid 
had a high affinity for the heparin agarose, and negligible 
amounts of virus were found in the unbound fraction. 
About 20% of the input virus was recovered in the elution 
from the beads. Most mutants had a binding and elution 
profile similar to that of the wild-type capsids. However, a 
deletion of 6 amino acids (GNRQAA) from Loop IV abol- 
ished binding to heparin. Interestingly, replacement of 
this sequence with the NGRAHA peptide sequence re- 
stored the ability of the mutant capsid to bind heparin 



(Fig. 5). Viruses with the Myc epitope tag in the Loop IV 
region were unable to bind heparin, which suggests that 
this region is important for attachment to the primary 
receptor. This is also consistent with their poor transduc- 
tion efficiency (Fig. 4) . 

Altered Tropism of rAAV Containing the Tumor- 
Targeting Peptides 

To determine whether incorporation of targeting pep- 
tides could alter the tropism of rAAV we tested transduc- 
tion on a number of cell lines (Fig. 6). For this purpose we 
employed two highly tumorigenic cell lines. Kaposi sar- 
coma (KS1767) cells are derived from Kaposi sarcoma 
lesions (38). The second cell line tested was an embryonal 
rhabdomyosarcoma cell line (RD). Both cell lines express 
high levels of CD 13, the NGR receptor, as assessed by 
FACS analysis (RD and KS1767 were 57 and 99% positive 
for CD 13 compared to 8 or 3% positive for 293T and HeLa 
cells). Viruses were first titered on 293 cells and then equal 
transduction units of the different viruses were used to 
infect the other cells. An amount was chosen that resulted 
in 10% transduction of 293 cells as assessed by FACS 
analysis for GFP expression. Using these adjusted values, 
similar transduction efficiencies were seen for the viruses 
on HeLa cells (Figs. 6A and 6B). However, rAAV consisting 
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FIG. 6. Altered tropism of rAAV containing the NGRAHA sequence. Viruses were initially titered for transduction on 293 cells by FACS analysis of GFP expression. 
An equal amount of transduction units (able to achieve 10% transduction of 293 cells) was used to infect 293, HeLa, KS1767, and RD cells. These correspond 
to 1 x 10 7 , 2 x 10 s , 5 x 10 8 , and 4 x 10 s genome-containing particles for WT, AIV, AIV-NGR, and 588NGR, respectively. Transduction was assessed at 24-72 
h postinfection, by counting green cells under a fluorescence microscope or by FACS analysis. (A) Transduction efficiencies are shown relative to the wild-type 
capsid in the different cell lines. (B) Images of GFP expression captured by fluorescence microscopy. Transduction of HeLa cells was comparable for the different 
viruses but those containing NGR peptides showed preferential transduction of RD cells. There was a correlation between expression of CD13 (as measured by 
FACS analysis with the WM15 antibody) and altered tropism of IMGR-containing viruses. 



of wild-type capsids transduced the KS1767 and RD cell 
lines very poorly. In contrast, viruses containing the 
NGRAHA sequence at Loop IV, either as a replacement or 
as an insertion, were able to transduce these cell lines 10- 
to 20-fold better than wild type (Fig. 6A). This altered 
tropism was not observed for viruses with deletion of 
Loop IV or the Myc epitope at this site. 

In the context of the phage coat protein or as a syn- 
thetic peptide, targeting was most efficient with cyclic 
peptides containing four cysteine residues (38). Based on 
the data from phage display libraries we included se- 
quences containing the targeting NGR motif in the po- 
tentially cyclic (two cysteines) or double cyclic forms. 
Viruses containing the cyclic NGR sequences were 
less efficient than those with the linear peptide in trans- 
duction of 293 and HeLa cells but they also displayed 
enhanced tropism toward the tumorigenic, CD-13-posi- 
tive cell lines RD and KS1767 (Table 1 and data not 
shown). 



Several sequences have been isolated from phage dis- 
play libraries and shown to home to different tissues in 
vivo. These include lung-, brain-, tumor-, and muscle- 
homing peptides (36, 55-57). We inserted a number of 
these targeting peptides into the 588 site, which we had 
defined as appropriate for accepting heterologous se- 
quences (see Table 1). These included a GFE-containing 
peptide to target membrane dipeptidase expressed on 
lung vasculature (55), a muscle-homing peptide (56), and 
sequences identified in an in vitro phage display screen for 
NG2 proteoglycan binding sequences (57). Some of the 
viruses containing other targeting peptides were pro- 
duced less efficiently and we were not able to observe 
altered tropism in the appropriate cell lines (Table 1). In 
general, we observed that smaller peptides were tolerated 
better than larger ones. Even at the same site we saw an 
effect of the sequence that was inserted, with linear pep- 
tides having fewer deleterious effects than sequences con- 
taining multiple cysteine residues. 



972 



Molecular Therapy Vol. 3, No. 6, June 2001 
Copyright © The American Society of Gene Therapy 



TABLE 1 

Properties of Recombinant AAV Viruses Containing Homing Peptides in Their Capsid Proteins 



Transduction^ 



Virus* 


Homing peptide* 


Titer c (g.p./ml) 


{% of WT) 


Cells 6 


Alt Trop' 


588 GFE-4C 


CGFECVRQCPERC 


2.50 X 10 9 


7.00 


MBA-MBP g 




588 NGR-2C 


CNGRC 


6.00 X 10 10 


0.75 


RD/KS1767 


+ 


588 NGR-4C 


CNGRCVSGCAGRC 


4.30 x 10 9 


0.75 


RD/KS1767 


+ 


588 LI 4 


QAGTFALRGDNPQ 


1.50 X 10 10 


0.82 


NA 


ND 


588 MH 


ASSLNIA 


7.70 X 10 10 


1.12 


IMA 


ND 


588 NG2-1 


TAASGVRSMH 


1.00 x 10 11 


1.3 


B16F10NG2 




588 NG2-2 


LTLRWVGLMS 


6.60 X 10 9 


0.75 


B16F10NG2 





3 Homing peptides were introduced into the AAV capsid at amino acid 588 and recombinant viruses were produced in 293T cells using 
pXX6 as a helper to package a GFP expression cassette. 
b See text for details. 

c Viruses were purified by iodixanol gradient centrifugation and titered by real-time PCR, Titers are presented in genome-containing 
particles (g.p./ml). 

d Transduction was assessed in 293 cells by FACS analysis and is presented as a percentage of WT. 

e Cell lines used to assess targeting of an equal amount of transduction units as assessed on 293 cells. NA, not applicable. 

{ Altered tropism was tested in the indicated cell lines. ND, not determined. 

9 MDA-MB-435-MBP (59). 



Discussion 

Homing peptides isolated by in vivo screening of phage 
display libraries provide novel tools for selective vascular 
targeting of therapies and are attractive for incorporation 
into viral vectors (36-38, 41, 58). It is unclear whether 
these peptides will be presented in the correct conforma- 
tion on viral particles to enable targeting of modified 
vectors. We recently used targeting peptides to redirect 
adenoviral vectors to specific endothelial receptors using 
bispecific conjugates with antibodies recognizing adeno- 
virus particles (59). Tumor- targeting peptides have also 
been successfully used to enhance the antitumor proper- 
ties of doxorubicin and TNF (38, 40). In this study, we 
were able to generate modified AAV-2 capsids that con- 
tain targeting peptides, previously isolated by in vivo 
phage display. Peptides were incorporated as either re- 
placements of native sequences or insertions. Modifica- 
tion of putative loops did not affect replication, assembly, 
and packaging of rAAV vectors. We show that the precise 
site of insertion and the choice of replacement of the 
original sequence can have an impact on the accessibility 
of the peptide at the capsid surface. We found that the 
transduction efficiency of rAAV-2 vectors bearing such 
peptides was severely compromised, but that in some 
cases we could demonstrate altered preference for trans- 
duction of tumor cells. This study represents the first 
attempt to target rAAV by genetic incorporation of tumor- 
targeting peptides previously isolated by phage display 
technologies. We were able to generate AAV viruses con- 
taining linear, cyclic, and double-cyclic versions of the 
NGR and these vectors showed altered tropism, with pref- 
erential transduction of cells that express the CD 13 recep- 
tor. 

Alignments of available sequences for all the parvovirus 
capsid proteins highlight large areas of sequence conser- 



vation (29). Sequences that make up the (3-barrel are the 
most conserved. Consistent with this are genetic studies 
in which mutations within these regions result in nonin- 
fectious viruses, many of which do not make intact cap- 
sids (34, 35, and M.G. and M.D.W., unpublished data). A 
comparison of our alignment to the previously published 
ones (29, 33) reveals some differences, especially in vari- 
able regions where sequence similarity is low and inser- 
tions are present. We have also extended the alignments 
presented in Fig. 1 by including additional parvoviral 
sequences (e.g., Kilhamrat, porcine, and simian), which 
enhance the confidence of the alignment we show (data 
not shown). When the three-dimensional structure of the 
AAV-2 capsid is solved, the validity of these hypothetical 
alignments will be assessed by superimposing the actual 
structures. We were able to make deletions within the 
putative Loops III and IV of AAV-2 without causing any, 
detrimental effects on virus assembly or packaging. This is 
in contrast to previous studies with CPV, in which dele- 
tions in loops 1,3, and 4 affected capsid assembly and 
morphology (60). It should be noted, however, that in the 
CPV study the deletions were larger (12-16 amino acids) 
and the assay for assembly was the formation of virus-like 
particles after infection of insect cells with recombinant 
baculoviruses expressing the Cap proteins. Despite our 
ability to modify these loop regions we encountered some 
residues that were far more sensitive to alterations. For 
example a single point mutation within Loop IV (Q584S) 
completely abrogated rAAV transduction (data not 
shown). The dramatic effect of deletions in Loops III or IV 
on transduction by rAAV vectors suggests that these two 
regions are indeed involved in the infectious pathway. 
This may be at the level of attachment to cellular recep- 
tors or some additional step during internalization, cyto- 
plasmic trafficking, or nuclear entry of the virus particle. 
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Three cellular receptors have been implicated in AAV 
infection (HSPG, FGFR-1, and a v p 5 integrin) although 
direct involvement of these proteins has recently been 
called into question (61-63). We could confirm that pu- 
tative Loop IV is required for binding to heparin, which is 
consistent with its attachment to the proposed HSPG 
primary receptor (12) and recent mapping of two heparin- 
binding clusters (34, 35). We have not yet investigated 
binding of these mutants to the putative secondary recep- 
tors. It is interesting to note that while deleting a part of 
Loop IV abolishes heparin binding, replacing it with the 
NGR targeting peptide could restore binding. Replace- 
ment of the same sequence in Loop IV with the Myc 
epitope was unable to rescue heparin binding. The NGR 
peptide is similar to the sequence that has been deleted, 
suggesting that replacement of capsid epitopes with resi- 
dues resembling the original sequence in size and charge 
may be well tolerated. 

In order for rAAV vectors with altered tropism to be 
viable for clinical applications it is important that the 
production, packaging, and transduction efficiencies of 
the modified viruses are not severely compromised. One 
previous attempt to target AAV capsids required transfec- 
tion of the modified capsid construct together with wild- 
type virus and gave a very low yield of virus (32), We 
found that our modified viruses were similar to wild type 
in their ability to replicate and package a vector genome 
but in almost every case the transduction of the modified 
capsid was suboptimal. This has been a common problem 
for all attempts so far to retarget rAAV vectors (33, 35). 
Our data suggest that this is due to a combination of size, 
sequence, and insertion site. We have found that larger 
peptides tend to have more detrimental effects on the 
properties of the modified virus particle. While some pep- 
tides such as the NGR and LI 4 (33) have been tolerated 
for insertion in Loops III and IV, others such as the serpin 
ligand resulted in no capsid formation (35). We have been 
able to show altered tropism for vectors containing tar- 
geting peptides but in all cases this was at the expense of 
transduction efficiency, which would not be acceptable 
for clinical applications. 

Successful retargeting of rAAV vectors is likely to come 
from a delicate combination of the type of peptide in- 
serted and the choice of insertion site. A number of stud- 
ies have now described multiple sites that can be used for 
peptide insertions (32-35). In this study we have focussed 
on a limited number of sites and inserted multiple differ- 
ent sequences in two approaches, replacements or inser- 
tions. Our data suggest that the best approach may be to 
scan the AAV sequence for putative surface-exposed areas 
that contain nonconserved protein sequences matching 
the sequence to be inserted and replace these regions with 
the targeting ligand. Perhaps this may be best achieved 
through a combinatorial library approach, whereby rAAV 
vectors with modified capsids are selected directly for a 
given target. Libraries could also be used to select for 
viruses that have inserted peptides but also maintain 
transduction levels similar to those of wild-type capsids. 
One potential problem with a small virus such as AAV is 
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that it is possible that receptor binding and other steps in 
the transduction process may be structurally linked, such 
as in CPV (64). Further studies of the pathways of AAV 
infection and rAAV transduction will reveal the role of 
different parts of the capsid in the infection entry process. 
The ability to restrict AAV-2 gene delivery to a specific 
organ or tissue will allow the use of smaller dosages of 
virus and will be important in limiting toxicity following 
systemic in vivo administration in a wide range of gene 
therapy applications. 
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APPENDIX D 



Abstract: Micklin SA et al (2001) Mol Ther. 4, 174-81 

Efficient and selective AAV2 -mediated gene transfer directed to human 
vascular endothelial cells. 

Gene therapy vectors based on adeno-associated virus -2 (AAV2) offer 
considerable promise for human gene therapy. Applications for AAV 
vectors are limited to tissues efficiently transduced by the vector 
due to its natural tropism, which is predominantly skeletal muscle, 
neurons, and hepatocytes. Tropism modification to elevate efficiency 
and/or selectivity to individual cell types would enhance the scope 
of AAV for disease therapies. The vascular endothelium is implicitly 
important in cardiovascular diseases and cancer, but is relatively 
poorly transduced by AAV vectors. We therefore genetically 
incorporated the peptide SIGYPLP, which targets endothelial cells 
(EC), into position 1-587 of AAV capsids. SIGYPLP- modi f ied AAV 
(AAVsig) showed enhanced transduction of human EC compared with AAV 
with a wild-type capsid (AAVwt) , a phenotype independent of heparan 
sulphate proteoglycan (HSPG) binding. In contrast, AAVsig did not 
enhance transduction of primary human vascular smooth muscle cells or 
human hepatocytes, principal targets for AAV vectors in local or 
systemic gene delivery applications, respectively. Furthermore, 
infection of EC in the presence of bafilomycin A (2) indicated that 
intracellular trafficking of AAV particles was altered by targeting 
AAV by means of SIGYPLP. AAV vectors with enhanced tropism for EC 
will be useful for diverse gene therapeutics targeted at the 
vasculature. 



